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1. INTRODUCTION 

Th i s  r e p o r t  d e s c r i b e s  work performed under Cont rac t  No. NAS-5-3232 

d e a l i n g  s p e c i f i c a l l y  with t h e  cons t ruc t ion ,  i n s t a l l a t i o n  and check o u t  of 

a radome measurement f a c i l i t y  l oca t ed  a t  t h e  Conductron Radar Cross S e c t i o n  

Measurement Range i n  Augusta Township, Washtenaw County, Michigan. The 

purpose of t h i s  f a c i l i t y  i s  t o  provide a c a p a b i l i t y  f o r  t h e  e l e c t r i c a l  

e v a l u a t i o n  of pas s ive  communications s a t e l l i t e  m a t e r i a l s .  

The r e p o r t  d i s c u s s e s  t h e  support  f a c i l i t y ,  t h e  radome, t h e  radome 

i n s t a l l a t i o n  and e l e c t r i c a l  eva lua t ion ,  and t h e  f a c i l i t y  ins t rumenta t ion .  

A s  p r e s e n t l y  designed t h i s  f a c i l i t y  provides  a c a p a b i l i t y  f o r  measuring 

t h e  microwave r e f l e c t i o n  and t ransmiss ion  c h a r a c t e r i s t i c s  of r e f l e c t i v e  

m a t e r i a l s .  

up t o  400 f ee t  i n  diameter can be eva lua ted .  

p o s s i b l e  t o  main ta in  t h e  segment r a d i u s  o f  cu rva tu re  a s  m a t e r i a l  s k i n  

s t r e b s  i n c r e a s e s  f o r  any m a t e r i a l  which would be p r a c t i c a l  i n  t h e  des ign  

of p a s s i v e  communications s a t e l l i t e s .  

Twenty-two f o o t  segments of pas s ive  communications s a t e l l i t e s  

With t h i s  f ixture ,  it i s  
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2. RADOME SUPPORT FACILITY 

The radome suppor t  f a c i l i t y  encompasses a l l  of  t h e  structures which are 

necessary  t o  make t h e  test  s i te  ope ra t iona l  bu t  which, because of  t h e i r  na ture ,  

cannot be removed from t h e  si te.  

and s t o r a g e  space, t h e  conc re t e  runways around t h e  site, and t h e  hydrau l i c  equip- 

ment i n  the radome. 

These s t r u c t u r e s  inc lude  t h e  working b u i l d i n g s  

A complete s e t  of f a c i l i t y  drawings is  shown i n  Appendix A. 

A l l  working bu i ld ings  and s torage  areas were cons t ruc t ed  underground f o r  

t h e  purpose o f  minimizing r a d a r  r e f l e c t i o n  problems. 

underground rooms. 

and t h e  radome equipment room is loca ted  a t  t h e  o t h e r  end, d i r e c t l y  under t h e  

radome. 

There are two s e p a r a t e  

The master  c o n t r o l  room i s  l o c a t e d  a t  one end o f  t h e  f a c i l i t y  

The gene ra l  l a y o u t  and s i z e  of  t h e s e  rooms is shown i n  Appendix A. 

A p i c t u r e  of t h e  master c o n t r o l  room i s  shown i n  F igure  2.1. This  room has  

a f loo r  space of  approximately 324 square feet and houses a l l  microwave equipment, 

p r e s s u r e  monitor ing equipment, and p o s i t i o n  monitor ing and c o n t r o l  equipment f o r  

bo th  t h e  antennas and t h e  test  f i x t u r e .  

t h i c k ,  rests on r e i n f o r c e d  conc re t e  per imeter  f o o t i n g s  20 inches  deep by 1 2  inches  

wide. A minimum of 4 inches  of  sand f i l l  was used under t h e  f l o o r .  The walls a r e  

cons t ruc t ed  of  12  inch  conc re t e  block r e i n f o r c e d  every t h i r d  course  wi th  "Wal-Lock" 

and waterproofed wi th  two c o a t s  of  Thoroseal. The c e i l i n g  was s l i g h t l y  p i t ched  and 

cons t ruc t ed  of prefqrmed conc re t e  slabs 18 f e e t  long, 4 feet  wide and 5 inches  

t h i c k ,  which span t h e  e x t e r i o r  walls. 

cons t ruc t ed  t o  be below t h e  f i n a l  grade l e v e l  so t h a t  f i n a l  g rad ing  could be  

accomplished by g r a v e l  f i l l .  

i n t o  t h e  c e i l i n g  p reven t  a n  excess ive  amount of  ground water  from accumulating. 

Access t o  t h e  room is  gained by a set  o f  wooden stairs which were made p o r t a b l e  

so t h a t  heavy, d e l i c a t e  equipment, such as microwave r e c e i v e r s  and r eco rde r s ,  

could be t r a n s p o r t e d  by an  overhead crane. 

A r e i n f o r c e d  conc re t e  slab f l o o r ,  4 inches 

The f i n i s h e d  c e i l i n g  was i n t e n t i o q a l l y  

The g rave l  and t h e  s l i g h t  p i t c h  which was b u i l t  

The f l o o r  p l a n  of  t h e  rooms under- 

nea th  t h e  radome i s  shown i n  AppendixA. 

i r r e g u l a r  i n  shape, confcmning t o  t h e  c i r c u l a r  contour  o f  t h e  radome pad suppor t  

foo t ing .  

w a l l s  are recessed  1 2  inches  from t h e  radome pad f o o t i n g  and are cons t ruc t ed  of 

1 2  inch  concre te  block. 

Wal-LockT1 and are s e a l e d  on t h e  ou t s ide  wi th  two c o a t s  of  Thoroseal. The i n t e r i o r  

w a l l s  a r e  cons t ruc t ed  of 8 inch  block and are a l s o  r e i n f o r c e d  every  t h i r d  course  

A s  can be seen, t h e  gene ra l  room area i s  

The t o t a l  f l o o r  space i s  approximately 672 square  feet. The o u t s i d e  

These walls are r e i n f o r c e d  every t h i r d  course  with 
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w i t h  "Wal-Lock" . 
The blower room has a f l o o r  space of approximately 200 square f e e t  and houses 

t h e  radome i n f l a t i o n  blower system and t h e  emergency power system, which are 

d iscussed  i n  d e t a i l  i n  Sec t ion  3 of t h i s  r epor t ,  and shown i n  F i g w e  3.2. 

duc t  which s u p p l i e s  make-up a i r  f o r  t h e  blower system was brought i3 through me 
w a l l  of  t h e  blower room. 

having a n  i n s i d e  diameter of 30 inches,  an6 is approxi~naieiy 1 9 5  feet loiig. 
p o s i t i o n i n g  o f  t h e  duc t  i s  shown i n  Appendix A. 

of  t h e  duc t  is  t h a t  i n  o rde r  t o  provide enough air, t h e  i n t a k e  p o r t  must be removed 

from any o b s t r u c t i o n  which might cause t u b - d e n c e .  

a i r  tu rbu lence  under windy condi t ions .  

i n s t rumen ta t ion  cab le s  between t h e  radome and t h e  master  c o n t r o l  room. 

inch  duc t  connects t h e  master c o n t r o l  room t o  t h e  make-up a i r  duct f o r  this purpose. 

The furnace room has a f l o o r  space of  approximately 200 square feet and houses 

The 

The a i r  duct i s  cons t ruc ted  of preformed concre te  pipe,  

The 

The primary reason  f o r  t h e  l e n g t h  

The radome causes  s i g n i f i c a n t  

The duc t  a lso provides  a method f o r  r u m i n g  

A n  e i g h t  

t h e  furnace, t h e  hydraul ic  pump and t h e  hydrau l i c  f l u i d  s t o r a g e  un i t s .  

i s  descr ibed  i n  Sec t ion  3.3 o f  this r e p o r t  and shown i n  F igure  3.4. 
system is  discussed below. 

The furnace 

The ' hy 'd rad ic  

The concre te  runways provide sur faces  over which m a t e r i a l s  and equipment can 

be mes7ed with  a rnipLmm of difr ' ic idty.  

t r a c k  i n  Appendix A provides  a sur face  f o r  movement of t h e  antenna towers. 

t r a c k  is  86.5 feet  long, 8 f e e t  wide and 5 inches t h i c k ,  and rests on a minimum 

of 1 f o o t  of sand f i l l .  The f r o n t  edge of  t h e  t r a c k  is  a 33 degree segment of a 

c i r c l e  150 feet  i n  r ad ius .  

radome pad i s  120 feet long, 1 2  f e e t  wide and 5 inches t h i c k ,  and a l s o  r e s t s  on a 

minimum of  1 f o o t  o f  sand f i l l .  

The r-~mway whfc:h is shom as t h e  b i s t a t i c  

This  

The runway which connects  t h e  b i s t a t i c  t r a c k  t o  t h e  

The radome pad is made of  re inforced  concre te  and is  64 feet i n  diameter 

and 6 inches  th ick .  

wide, extending around t h e  e n t i r e  perimeter.  

f o r  t h e  underground rooms and t h e  remainder was cons t ruc t ed  over a t  l e a s t  2 feet 

o f  sand f i l l .  

s lopes  sha rp ly  down t o  t h e  f i n a l  grade l e v e l  i n  o rde r  t o  provide drainage. 

It rests on a r e in fo rced  foot ing ,  48 inches  deep by 10 inches  

P a r t  o f  t h e  pad se rves  a s  t h e  c e i l i n g  

The pad surface wi th in  t h e  radome is  f l a t  while  ou ts ide ,  t h e  pad 

The radome is a t t ached  t o  t h e  pad by means of  anchor b o l t s  se t  i n  t h e  concrete .  

Being an  a i r  supported s t r u c t u r e ,  t h e  radome e x e r t s  a cons ide rab le  l i f t i n g  fo rce  on 
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t h e  attachment bol t s .  

is  i n  excess of 200,000 pounds. 

i n  Drawing No. Sk 1946 i n  Appendix A) making t h e  l i f t i n g  f o r c e  on each b o l t  

s l i g h t l y  i n  excess o f  2,000 pounds. 

which extend around t h e  e n t i r e  radome perimeter.  

t o  o t h e r  rods  which extend down i n t o  t h e  foot ings .  

Appendix A. 

at tachment area and provides  a uniform su r face  which w i l l  no t  be a f f e c t e d  by 

f r o s t  heaving. 

I n  t h e  maximum pres su re  cond i t ion  t h e  t o t a l  l i f t i n g  f o r c e  

A t o t a l  o f  96 anchor b o l t s  a r e  used (as shown 

The anchor b o l t s  a r e  welded t o  r e i n f o r c i n g  rods 

These rods  are a t t ached  p e r i o d i c a l l y  

This  is  shown i n  d e t a i l  i n  

The attachment method spreads t h e  l i f t i n g  f o r c e  uniformly over t h e  

A hydraul ic  system has been i n s t a l l e d  i n s i d e  t h e  radome t o  lift t h e  t e s t  
fixture ‘above t h e  radome f l o o r  so t h a t  r a d a r  r e f l e c t i o n  and t ransmiss ion  measure- 

ments can  be made. 

Cridland Company and has  14  f e e t  o f  t r a v e l .  

extended p o s i t i o n  i n  Figures  4.1 and 4.2. 

220 Volt  e l e c t r i c  pump rated a t  5 hp. 

capac i ty  of 132 gal lons have been provided. This  equipment is  shown i n  Figure 2.2. 

A non-rotating device has been incorpora ted  i n t o  t h e  system s o  t h a t  a f i x e d  angular  

r e fe rence  can be obtained. The he ight  of t h e  hydraul ic  pos t  i s  c o n t r o l l e d  by means 

of  push but ton  switches l o c a t e d  i n  t h e  s t a i r w e l l  l ead ing  from t h e  a i r  l o c k  t o  t h e  

radome. 

changes i n  t h e  post  p o s i t i o n  a r e  being made. 

increments of l e s s  t han  0.25 inch  using t h e  push but ton  con t ro l s .  

The hydraul ic  pos t  and cy l inde r  was manufactured by t h e  Joyce- 

The p o s t  is shown i n  t h e  f u l l y  

The p o s t  i s  powered by a s i n g l e  phase 

Hydraulic f l u i d  r e s e r v o i r s  having a t o t a l  

The pos t  p o s i t i o n  and t h e  t e s t  f i x t u r e  p o s i t i o n  can t h u s  be observed while  

The p o s t  p o s i t i o n  can be changed i n  

2- 4 
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3.  RADOME 

The radome is an a i r  supported t r u n c a t e d  sphere 60 f e e t  i n  diameter and 

37.5 feet  h igh  and i s  shown i n  Figure 3.1. 

3.1 Radome Cons t ruc t ion  

The b a s i c  m a t e r i a l  used i n  t h e  c o n s t r u c t i o n  of t h e  radome was a white 

v i n y l  coa ted  nylon f a b r i c  weighing a p p r o ~ m a t e l y  29 ounces p e r  square  yard .  

Gore c o n s t r u c t i o n  was used and t h e  gores a r e  t i e d  t o g e t h e r  and r e in fo rced  a t  

t h e  t o p  by a po le  cap. 

stand a downward f o r c e  of 500 pounds. 

t i o n  of an eye r i n g  i n  t h i s  p l a t e  s o  t h a t  a small  h o i s t  can be i n s t a l l e d  f o r  

handl ing  smal l  p i e c e s  of equipment. 

A crown p l a t e  was p laced  a t  t h e  p o l e  which w i l l  with- 

A prov i s ion  was made f o r  t h e  i n s t a l l a -  

A 1 /2  inch  bra ided  nylon rope is bonded t o  t h e  radome m a t e r i a l  around 

t h e  bottom of t h e  radome. The radome is  a t t ached  t o  t h e  pad by b o l t i n g  t h e  

m a t e r i a l  between a meta l  p l a t e ,  which i s  se t  i n t o  t h e  concre te ,  and a p i e c e  

of channel  stock with  t h e  rope below t h e  b o l t  l i n e .  

#SK 1946 i n  Appendix A .  

e x t e r i o r  s u r f a c e  of t h e  radome a t  t h e  bottom which p r o t e c t s  t h e  attachment 

a r e a  from weathering. 

T h i s  is  shown i n  Drawing 

An e x t r a  p iece  o f  m a t e r i a l  was bonded t o  t h e  

S ince  t h e  radome i s  t o  be  used i n  t h e  performance of r a d a r  c r o s s  s e c t i o n  

measurements, d i s c o n t i n u i t i e s  i n  t h e  radome s u r f a c e  were c a r e f u l l y  avoided. 

A l l  blowers and a s s o c i a t e d  equipment were p laced  underground. There a r e  no 

doors i n  t h e  radome and en t r ance  i s  gained by a s t a i r w e l l  i n  t h e  f l o o r  l e a d i n g  

from t h e  underground a i r  l ock .  

m a t e r i a l  a s  were t h e  two exhaus t  p o r t s  i n  t h e  s i d e  of t h e  radome. 

The crown p l a t e  was made from a d i e l e c t r i c  

3 .2  Radome Operation 

The radome i s  an air-supported s t r u c t u r e  r e q u i r i n g  a c e r t a i n  minimum 

i n t e r n a l  p re s su re  i n  o rde r  t o  remain e r e c t .  

sists o f  two c e n t r i f u g a l  backward-blade blowers whose ope ra t ion  i s  c o n t r o l l e d  

manually and/or au tomat i ca l ly .  

3 .2 .  

continuously and is  t h e  l a r g e r  of t he  two blowers. 

a t  5 hp and r e q u i r e s  60 cps  220 V single-phase power. 

The p r e s s u r i z a t i o n  system con- 

A p i c t u r e  of t h i s  system i s  shown i n  F igu re  

Blower No. 1 i s  a high-volume, low-pressure blower designed t o  run 

The blower motor i s  r a t e d  

An On-Off swi tch  and 
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i n d i c a t i n g  l i g h t  on t h e  c o n t r o l  p a n e l  a r e  connected through a magnetic s t a r t e r  

t o  t h i s  blower. Normal opera t ing  pressure ,  with t h i s  blower alone,  should be 

approximately 2.3 inches  of water.  

The smal le r  blower i s  used f o r  higher  p r e s s u r e  o r  when a d d i t i o n a l  a i r  

flow i s  r e q u i r e d .  

i s  between 70 and 100 mph. Addi t iona l  a i r  f low is r e q u i r e d  only  f o r  i n i t i a l  

e r e c t i o n  of t h e  radome o r  f o r  abnormal l o s s  of a i r  due t o  l a r g e  a rea  vent ing  

f o r  g r e a t e r  c i r c u l a t i o n  of a i r .  

60 c p s  220 V single-phase power. 

p o s i t i o n  switch,  AUTO ON, MAN ON, and OFF o r  RESET, mounted on t h e  c o n t r o l  

p a n e l .  

Appendix A .  

Normally, h igher  p r e s s u r e s  a r e  r e q u i r e d  only  when t h e  wind 

The blower motor i s  r a t e d  a t  2 hp and r e q u i r e s  

This  blower i s  c o n t r o l l e d  through a t h r e e -  

The blower i n s t a l l a t i o n  i s  shown i n  d e t a i l  i n  Drawing #SK 1938 i n  

For  normal opera t ion  t h e  switch f o r  Blower No. 1 i s  l e f t  i n  t h e  ON pos i -  

t i o n .  

approximately 2.5 inches  of water which i s  s u f f i c i e n t  f o r  wind speeds up t o  

70 mph. 

F igure  3.3 f o r  guide t o  opera t ing  p r e s s u r e s . )  

The blower w i l l  run cont inuously providing a n  o p e r a t i n g  p r e s s u r e  of 

The switch f o r  Blower No. 2 i s  s e t  t o  t h e  AUTO ON p o s i t i o n .  (See 

If a t  any time, with main power ON, t h e  p r e s s u r e  l e v e l  i n  t h e  radome 

drops t o  1.5 inches of water, t h e  p r e s s u r e  switch w i l l  t u r n  on t h e  warning 

and, a f t e r  a 20 second delay,  s t a r t  Blower No. 2 which w i l l  cont inue  t o  run  

u n t i l  t h e  switch is turned t o  t h e  OFF o r  RESET p o s i t i o n .  

70 mph, o r  g u s t s  a r e  s u f f i c i e n t  t o  cause t h e  envelope t o  d i s t o r t ,  t h e  p r e s s u r e  

i s  r a i s e d .  It i s  then  necessary t o  manually swi tch  on Blower No. 2. The 

e x a c t  pressure l e v e l  required f o r  any given wind v e l o c i t y  i s  shown i n  F igure  

3 .3 .  

t h e  b a s i c  reason f o r  t h e  increased  p r e s s u r e s  i s  t o  prevent  radome d i s t o r t i o n  

o r  whipping, and t h i s  condi t ion  i s  r e a d i l y  v i s i b l e .  

If t h e  winds exceed 

However, it i s  n o t  a b s o l u t e l y  necessary  t o  know t h e  e x a c t  v e l o c i t y  a s  

The s t r u c t u r a l  s t a b i l i t y  o f  t h e  radome i s  dependent upon a c o n t i n u a l  

source  of blower power. 

w i l l  supply blower power i n  t h e  e v e n t  o f  a l i n e  power f a i l u r e .  The genera tor  

i s  a s i n g l e  phase Kohler Model #10~~61 and w i l l  supply 44 amps a t  230 V a t  60 
c p s .  If l i n e  power i s  l o s t ,  t h e  motor-generator i s  au tomat ica l ly  s t a r t e d  and 

An emergency motor-generator h a s  been i n s t a l l e d  which 
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s u p p l i e s  power t o  t h e  high p r e s s u r e  blower. 

motor-generator au tomat ica l ly  s h u t s  o f f .  

wi th  an exerc is ing  u n i t  s o  t h a t  t h e  equipment can be e x e r c i s e d  p e r i o d i c a l l y .  

This  i s  a device f o r  au tomat ica l ly  t u r n i n g  t h e  system on, a l lowing it t o  run 

f o r  a predetermined per iod of time, and a u t o m a t i c a l l y  s h u t t i n g  t h e  system 

o f f .  

e x e r c i s e s  t h e  system a t  l e a s t  twice each week. 

When l i n e  power i s  r e s t o r e d  t h e  

The emergency system i s  equipped 

The number of e x e r c i s e  per iods  per  week can be v a r i e d ;  Conductron 

I n  t h e  winter  it i s  necessary t o  t a k e  c e r t a i n  a d d i t i o n a l  precaut ions  t o  

i n s u r e  t h a t  t h e r e  n o t  be an excessive b u i l d  up of i ce  and snow. 

s p h e r i c a l  des ign  of t h e  radome, snow w i l l  n o t  u s u a l l y  accumulate on t h e  s t ruc - ,  

t u r e .  However, i n  t h e  c a s e  of wet snow, some accumulation might occur which 

would cause a d i s t o r t i o n  of t h e  radome s u r f a c e .  I n  o r d e r  t o  prevent  t h i s ,  a 

Shafconaire  Model SC-350 h o r i z o n t a l  o i l - f i r e d  furnace  which produces 350,000 

b tu  p e r  hour output has been i n s t a l l e d .  

i n  F igure  3.4.  

32 inches high and it i s  mounted on an  angle  b r a c k e t  s k i d  approximately 8 

inches h igh .  Both t h e  co ld  a i r  r e t u r n  and t h e  h e a t e r  i n l e t  d u c t  a r e  28.5 

inches  by 36 inches.  

blower motor. 

f u e l  f o r  t h e  furnace which consumes approximately 3 g a l l o n s  of f u e l  o i l  p e r  

hour.  Since t h e  furnace  is used p r i m a r i l y  f o r  i ce  and snow removal, t h e  

amount of underground o i l  s t o r a g e  i s  adequate.  

used t o  provide a warm working environment it would be a d v i s a b l e  t o  i n s t a l l  

a t a n k  with g r e a t e r  c a p a c i t y .  

exhaust  duc t  which i s  equipped with a draf t - inducing f a n  t o  a s s i s t  i n  

v e n t i l a t i o n .  

Due t o  t h e  

A p i c t u r e  of  t h i s  furnace  i s  shown 

The main furnace  u n i t  i s  96 inches  long by 39 inches  w i d e  by 

Warm a i r  i s  forced  i n t o  t h e  radome by means o f  a 1 hp 

A 500 g a l l o n  underground o i l  t a n k  has  been provided t o  supply 

If t h e  furnace  were t o  be 

The furnace  i s  exhausted through a T r a n s i t e  

3.3 Radome Erect ion 

The radome a r r i v e d  a t  Conductron fo lded  i n t o  a compact package f o r  s h - i p -  

ment and e a s e  of handling. A B i r d a i r  engineer ,  M r .  Charles  Hoff, was p r e s e n t  

t o  a s s i s t  during t h e  e r e c t i o n  procedure.  

t i v e l y  calm day when t h e  winds were l e s s  t h a n  10 miles  p e r  hour.  

seven men and a p o r t a b l e  boom crane  were necessary  t o  complete t h e  e r e c t i o n .  

The e n t i r e  opera t ion  was completed i n  less than  4 hours .  

The e r e c t i o n  took  p l a c e  on a r e l a -  

A crew of 
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The fo lded  radome package was placed n e a r  t h e  c e n t e r  of t h e  radome pad 

and t h e  radome was  unfolded toward t h e  edges of t h e  pad. 

from t h e  overhead crane  t o  an eye b o l t  i n  t h e  crown p l a t e  of  t h e  radome. 

c rane  l i f t e d  t h e  c e n t e r  of t h e  radome o f f  t h e  pad t o  a l low personnel  access  

t o  t h e  underside of t h e  radome t o  make t h e  at tachments  between t h e  radome pad 

and t h e  radome. As discussed i n  Sec t ion  3 . 1  above, t h e  at tachment  i s  made by 

b o l t i n g  t h e  radome m a t e r i a l  between an anchor p l a t e  s e t  i n t o  t h e  concre te  curb- 

i ng  and t h e  channel clamp r i n g .  

#SK 1946 o f  Appendix A. 
n u t s  i n s t a l l e d  f i n g e r  t i g h t .  

and t h e  n u t s  t igh tened  s e c u r e l y .  

A l i n e  was a t t a c h e d  

The 

The at tachment  hardware is shown i n  Drawing 

The channel  clamp r i n g  i s  f i r s t  p u t  i n  p l a c e  and t h e  

The m a t e r i a l  was then  s t r a i g h t e n e d  and smoothed 

When a l l  16 channel  clamp r i n g s  were i n  p l a c e  t h e  blower system was 

turned  on and t h e  radome was slowly i n f l a t e d .  

t o  t h e  blower system t h e  Low Pressure  Warning Light  came on. 

Blower No. 1 was turned  t o  t h e  ON p o s i t i o n  and t h e  switch f o r  Blower No. 2 

was turned  t o  t h e  AUTO ON p o s i t i o n  t o  provide maximum d e l i v e r y  of a i r  f o r  

i n f l a t i o n .  

Blower No. 2 was turned  t o  t h e  OFF p o s i t i o n .  

t i o n  of t h e  radome u n t i l  t h e  anchorage and at tachments  were secured.  

radome was then  inspected f o r  l e a k s  and f a b r i c  a l ignment .  

t i g h t  and no problems were encountered. 

When power was f i rs t  suppl ied  

The switch f o r  

A s  soon a s  t h e  Low Pressure  Warning Light  went ou t ,  t h e  switch on 

This  prevented over-pressuriza-  

The 

The s t r u c t u r e  was 

3 . 4  E l e c t r i c a l  Evaluat ion 

This  s e c t i o n  w i l l  p r e s e n t  both t h e  t h e o r e t i c a l  and experimental  evalua- 

t i o n  of t h e  radome. P a r t i c u l a r  a t t e n t i o n  h a s  been given t o  t h e  e l e c t r i c a l  

p r o p e r t i e s  of t h e  radome and t h e i r  r e l a t i v e  e f f ec t s  on t h e  measurements Gf 

l a r g e  (22 f o o t  diameter)  segments of r e f l e c t i n g  m a t e r i a l .  The t h e o r e t i c a l  

e f f o r t  was devoted p r i m a r i l y  t o  t h e  d iscovery  of f a c t o r s  which could cause 

measurement e r r o r .  

f a c t o r s  and e s t a b l i s h i n g  p r a c t i c a l  l i m i t a t i o n s  on t h e  type  of measurements 

which can be performed. I n  addi t ion ,  a t t e n t i o n  has  been given t o  using t h e  

radome f o r  housing a t r a n s m i t t i n g  antenna.  

major problems w i l l  be encountered; however, an adequate  e v a l u a t i o n  of t h e  

The experimental  e f f o r t  was devoted t o  e v a l u a t i n g  t h e s e  

The r e s u l t s  i n d i c a t e  t h a t  no 
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radome f o r  t h i s  purpose r e q u i r e s  a d i f f e r e n t  s e r i e s  o f  t es t s  than  t h o s e  per- 

formed under t h i s  program. 

3.4.1 R e f l e c t i o n  C o e f f i c i e n t s  

P r i o r  t o  t h e  purchase of t h e  radome, r e f l e c t i o n  c o e f f i c i e n t s  were-calcu- 

l a t e d  f o r  two d i f f e r e n t  radome samples (A & B) suppl ied  by B i r d a i r  S t r u c t u r e s ,  

I n c .  of Buffalo,  New York. Seve ra l  experiments were conducted on t h e s e  samples 

a t  t h e  Conductron Corporation Radar Range, t o  provide  t h e  information necessary  

t o  compute t h e  r e f l e c t i o n  c o e f f i c i e n t .  

radome m a t e r i a l  were a t t ached  t o  f l a t ,  r e l a t i v e l y  t h i c k ,  s l a b s  of po lys ty rene  

foam (Styrofoam). Th i s  was necessary t o  o f f e r  t h e  suppor t  needed t o  main ta in  

t h e  sample a s  t r u e  a s  p o s s i b l e  f o r  c o n t r o l l e d  t e s t  cond i t ions .  

The 6 inch  by 6 inch  samples of f l e x i b l e  

The t a p e  (Scotch Brand #810) used t o  a t t a c h  t h e  sample t o  t h e  Styrofoam 

was a p p l i e d  very  smoothly, and it would appear t h a t  t h e  combination i s  a c c u r a t e l y  

modeled by two p a r a l l e l  d i e l e c t r i c  shee t s  i n  a i r .  

t h e  measurement program is  shown below. 

A t h e o r e t i c a l  a n a l y s i s  of 

We w i l l  f i rst  assume t h a t  both m a t e r i a l s  a r e  non-conducting. 

case ,  Maxwell's equa t ions  may be  w r i t t e n  

I n  t h i s  

i - v . D  = 0 -b 1. .% V X E  = - 
C 

If t h e  i n c i d e n t  f i e l d  is normal t o  t h e  i n t e r f a c e s ,  t h e  f i e l d s  i n  a l l  of t h e  

r eg ions  i n  F i g u r e  3.5 t a k e  t h e  form 

-ikx EZ = A e  ikx + Ale 

and 

where w e  assume t h a t  p = 1 f o r  a l l  ma te r i a l s .  
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Figure  3 # 3  

Geometry f o r  Analysis  of Two P a r a l l e l  D i e l e c t r i c  Shee ts  

Since t h e  t a n g e n t i a l  components of 2 and i? m u s t  be cont inuous a c r o s s  t h e  
and D can be found by so lv ing  t h e  s i x  independent A1, B, B1, C, C i n t e r f a c e s ,  

equat ions  represented by 
1 

ikd2 
yO2 = e 
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1 - 7 1  

1 + ll1 

1 - 712 

1 + 712 
and r = , 2 If w e  i n t roduce  rl = 

t h e  r e f l e c t i o n  c o e f f i c i e n t  of any t w o  l a y e r s  of d i e l e c t r i c  i n  a i r  is, 

R12 = IAJ2  2 

The s u b s c r i p t  on R i n d i c a t e s  t h a t  t h e  f i e l d  s t r i k e s  t h e  m a t e r i a l  having propa- 

g a t i o n  c o n s t a n t  5 first. 

m a t e r i a l  2 first, t h e  same formal r e s u l t  is  t r u e  i f  t h e  va r ious  parameters a r e  

permuted a p p r o p r i a t e l y .  I n  p a r t i c u l a r  a s ,  

When the  l a y e r s  a r e  reversed  s o  t h a t  t h e  f i e l d  s t r i k e s  

a s  

Vi-) ‘12 and ‘12 * ‘11 
The r e f l e c t i o n  c o e f f i c i e n t  i s  now, 
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- 
R21 - 

2 3 

LL 

2 

We note  t h a t  t h e  denominators of R12 and R21 a r e  t h e  same and t h a t  t h e  numerators 

a r e  j u s t  negat ive complex conjugates  of each o t h e r .  Therefore,  t h e  power re f lec-  

t i o n  c o e f f i c i e n t  i s  independent of whether t h e  sample o r  suppor t  f a c e s  t h e  t r a n s -  

mi t t e r  i f  both a re  d i e l e c t r i c s .  

If t h e  measured va lues  of R12 and R21 a r e  d i f f e r e n t ,  t h i s  must be a t t r i -  

buted t o  e i t h e r  experimental  e r r o r  o r  t o  non-zero c o n d u c t i v i t y .  

Measurements were made on both samples A and B a t  5.45 kmc. Each sample 

was .05 cm t h i c k ,  while t h e  support ing m a t e r i a l  was 2.54 cm t h i c k .  

From t h e  experimental  data  : 

A = 1 . 5 4  x 10 -3 m2 A 
12 = (3 cond. R12 0 

Sample A 
= 2.44 x 10-3 m2 A A 

2 1  = O  cond. R21 
(5 

B = 2 * 1 5  x m2 B 
cond. R12 Ol2 = u 

B = 3.77 x 10-3 m2 B 
2 1  = cond. R21 

Sample B 
0 

The c r o s s  sec t ion ,  cr of  a 6 inch x 6 inch p l a t e  is  cond. 

So, t h e  r e f l e c t i o n  c o e f f i c i e n t s  a r e  bounded by, 

< 1.09 10-3 

< 1.69  10-3 

- 0.69 x < RA - 

- 0.96 x < R~ - 
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The averages a r e  
- 

= 0.89 10-3 
RA 
- 

= 1.32 x lo-' RB 

The r e f l e c  ion  c o e f f i c i e n t s  R12 o r  R21 have been eva lua ted  a t  t h e  experimental  

frequency of 5.45 kmc and p l o t t e d  i n  F igu re  3.6 versus  t h e  index of r e f r a c t i o n  

of t h e  samples A and B f o r  s e v e r a l  values  of q2, t h e  r e f r a c t i v e  index of t h e  

suppor t ing  m a t e r i a l .  According t o  VonHippel(i) 

= 1.015. 
72 

We see t h a t  Sample A s a t i s f i e s  t h e  experimental  da ta  i f  

1.455 1' '71 A - 1.535 

and s i m i l a r l y  f o r  Sample B 

- 
Corresponding t o  and we have A 

-A = 1.500 1 1  

- 1.575 -B 
7 1  - 

The r e f l e c t i o n  c o e f f i c i e n t  of t h e  NASA radome m a t e r i a l  i s  e a s i l y  obtained now 

t h a t  w e  know i ts  d i e l e c t r i c  cons t an t .  According t o  S t r a t ton (* ) ,  t h e  r e f l e c t i o n  

c o e f f i c i e n t  of a d i e l e c t r i c  shee t  i n  t h e  a i r  is, 

(1) 
(2) 

VonHippel, A., "Dielectric Mater ia l s  and Applicat ions" ,  pp . 337. 
S t r a t t o n ,  J .A., "Electromagnetic Theory", McGraw-Hill Publ ica t ions ,  
PP. 514. 
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1 ----- Range of Measured 
R for  Sample A 

y2  = 1.02 

v2 = 1.03 

v1 = index of refraction of 
the radome material 

l2 = index of refraction of 
the supporting material 

- - - 

- - - - 
- 
- 
- 

* I 1 1 1 1 I 
.o 1.1 1.2 1.3 1.4 1 .5  1.6 

I 
'11 

Figure 3 -6 Reflection Coefficients of a 2-Layer Dielectric Sandwich 
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2 2  4r s i n  (vl kdl) 
4r 2 2  s i n  (Tlkd) 

R(X) = 2 2  radome (1 - r2)2 + 4r s i n  (7jl kdl) 

I -  where 

I .  

Since  t h e  va lues  f o r  7 

mental  frequency, 

r e f l e c t i o n  c o e f f i c i e n t  a s  a func t ion  of frequency. 

from t h e  above (Figure 3.7)  f o r  f requencies  near  t h e  experimental  frequency 

of 5.45 kmc. 

c a s e  where v2 = 1.00. 

determined g raph ica l ly  a r e  only v a l i d  a t  t h e  exper i -  

w i l l  only g ive  t h e  gene ra l  c h a r a c t e r  of  t h e  
1 

R(h),a dome 
We w i l l  eva lua te  Rradome 

Note t h e  agreement of  R(h)radome with R2-layer i n  t h e  l i m i t i n g  

We see t h a t  depending on t h e  na ture  o f  t h e  d i f f e r e n c e  between R12 and 

t h a t  t h e  r e f l e c t i o n  c o e f f i c i e n t  of t h e  radome m a t e r i a l s  a t  5.45 l ac  a r e ,  R21' 

and 

o r  

and 

= 1.25 10-3 -A 
Rradome 

= 1.75 10-3 -B 
Rradome 

Using t h e  above r e f l e c t i o n  c o e f f i c i e n t s ,  EA and EB, we f i n d  t h a t  t h e  r a d a r  

c r o s s  s e c t i o n  of a radome 60 feet  i n  diameter i s  

2 - 
(5 = R 51 a2 = 262.6 m radome 

-1 2 = 3.3 x 10 m For  Sample A 

= 4.6 x lo-' m2 For  Sample B 
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&*sin2( vlkdl) 
(1-r 2 ) +4r2sin2 (n, kd,) 

Frequency (KMC) 

Figure 3.7 Radome Reflection Coefficient V s  . Frequency 
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The e f fec t  on t h e  2-layer r e f l e c t i o n  c o e f f i c i e n t  of assuming t h a t  one o r  

both d i e l e c t r i c s  have a very  s l i g h t  conduct iv i ty  can most e a s i l y  be seen by 

a l lowing  q1 and v2 t o  be complex i n  o u r  express ions  f o r  R 

i ng  around t h e  r e a l  p a r t .  

and R21 and expand- 1 2  
The complex p a r t  of po lys tyrene  foam i s  smal l  

-4 = 1.015 + i 10 772 

and can i n  f a c t  be ignored s i n c e  it cannot account f o r  t h e  observed A R.  

If w e  s e t  77 - 1.5 + 17" and so lve  f o r  7 '  we f i n d  t h a t  t h e  observed 1 -  1 1' 
A R r e q u i r e s  777 - 7;. 1 -  

Even t h a t  value of 7'' cannot g r e a t l y  e f f e c t  t h e  radome r e f l e c t i o n  co- 

e f f i c i e n t  which m u s t  s t i l l  l i e  between t h e  bounds determined e a r l i e r ,  i . e . ,  
1 

and 

3.4.2 Analysis  of Radome - Targe t  I n t e r a c t i o n  E f f e c t s  

It  i s  c l e a r  t h a t  i n  a d d i t i o n  t o  primary r e f l e c t i o n s  from t h e  radome 

su r face ,  any r e f l e c t i o n  da ta  obtained on t h e  segment m a t e r i a l  might be 

a f f e c t e d  by i n t e r a c t i o n s  between t h e  radome and t h e  t a r g e t .  

eva lua te  t h e  e x t e n t  t o  which such i n t e r a c t i o n s  might a f f e c t  t h e  measurement 

da t a ,  a t h e o r e t i c a l  a n a l y s i s  was performed and t h e  r e s u l t s  a r e  descr ibed  

below. The a n a l y s i s  was concerned with two sepa ra t e  phenomena; first, 

assuming t h a t  a t a r g e t  i n s i d e  t h e  radome is  i l lumina ted  with a p lane  wave, 

it i s  necessary  t o  determine t h e  ex ten t  t o  which t h e  f a r  f i e l d  r e f l e c t i o n  

p a t t e r n  is  d i s t o r t e d  by t h e  radome; and second, t h e  e f fec t  of  mul t ip l e  

r e f l e c t i o n s  m u s t  be minimized by c o r r e c t  placement of t h e  t a r g e t  i n  t h e  

radome. 

In  o rde r  t o  

3.4.2.1 High-Frequency S c a t t e r i n g  from a Conducting 
Sphere Surrounded by a Thin-Wall Radome 

It i s  first necessary t o  i n v e s t i g a t e  t h e  r a d a r  c r o s s  s e c t i o n  d i s t o r t i o n s  

produced by a l a r g e  and s p h e r i c a l  thin-wal l  radome surrounding a p e r f e c t l y  con- 
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duct ing  t a r g e t .  

t i o n  t o  t h e  specular  b a c k s c a t t e r  generated by a p lane  e lec t romagnet ic  wave 

i n c i d e n t  upon t h e  system. I n  p a r t i c u l a r ,  we s h a l l  c o n s i d e r  t h e  problem of 

s c a t t e r i n g  by a p e r f e c t l y  conducting sphere placed a t  t h e  c e n t e r  of t h e  spher i -  

c a l  d i e l e c t r i c  housing o r  radome. 

c e n t r i c  spheres ,  t h e  exac t  Mie ser ies  can be obtained i n  s t ra ight - forward  

f a s h i o n  and t h e  high-frequency f i e l d s  can be eva lua ted  by s tandard  a n a l y t i c a l  

t echniques .  

I n  cons ider ing  t h i s  problem it is  convenient  t o  conf ine  a t t e n -  

Since a l l  boundary s u r f a c e s  a r e  now con- 

Specifying t h e  problem, we  have a p lane  e lec t romagnet ic  wave 

i n c i d e n t  upon a p e r f e c t l y  conducting sphere with r a d i u s  c covered by two 

concent r ic  l a y e r s .  The o u t e r  l a y e r  cons j - s t s  of a d i e l e c t r i c  with r e l a t i v e  

e l e c t r i c  p e r m i t t i v i t y  E and with r e l a t i v e  magnetic permeabi l i ty  p = 1. 

i n s i d e  r a d i u s  of t h i s  l a y e r  w i l l  be denoted by b, i t s  o u t s i d e  r a d i u s  by a ,  

and i t s  th ickness  by 6 = a-b. 

k 1 
much smal le r  than  u n i t y .  The o u t e r  l a y e r ,  t hen ,  r e p r e s e n t s  t h e  th in-wal l  

radome. The inne r  l a y e r  extending from r a d i u s  c t o  r a d i u s  b c o n s i s t s  of 

f r e e  space.  We s h a l l  t a k e  t h e  free-space c o n s t a n t s  c0 and po t o  be equal  

t o  u n i t y .  Ordinar i ly ,  t h e  i n n e r  f ree-space l a y e r  i s  t h i c k  s o  t h a t  k(b-c) 

i s  much l a r g e r  than one; however, we have no need t o  use t h i s  f a c t  i n  t h e  

c a l c u l a t i o n s .  

The 

I n  general ,  t h e  products  k6 and k16, where 

= & k  i s  t h e  propagat ion c o n s t a n t  wi th in  t h e  d i e l ec t r i c ,  w i l l  be assumed 

We s h a l l  cons ider  i n  t u r n  t h e  magnetic f i e l d  on t h e  s u r f a c e  of t h e  

conducting sphere a t  t h e  b a c k s c a t t e r i n g  s p e c u l a r  p o i n t  and t h e  far-zone 

e l e c t r i c  f i e l d  s c a t t e r e d  i n  t h e  back d i r e c t i o n .  I n  both  c a s e s  t h e  e x a c t  

Mie ser ies  a r e  represented a s  

t ransform technique.  

under t h e  following c o n d i t i o n s  

contour  i n t e g r a l s  by means of t h e  Watson 

The contour  i n t e g r a l s  a r e  eva lua ted  a s y m p t o t i c a l l y  

kc, kb >> 1, 

k6, k16 << 1 
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t o  y i e l d  t h e  first two terms i n  t h e  asymptotic s e r i e s  corresponding t o  a 

Luneberg-Kline expansion. 

is  n o t  ob ta ined .  

The creeping wave o r  d i f f r a c t e d  f i e l d  c o n t r i b u t i o n  

t. 

Before i n v e s t i g a t i n g  t h e  exac t  Mie ser ies  r ep resen ta t ions  it i s  u s e f u l  

t o  o b t a i n  t h e  geometr ical-opt ics  f i e l d s  by means of ray- t rac ing .  

e a s i l y  done and t h e  r e s u l t  w i l l  a c t  a s  bo th  a check and a gu ide l ine  f o r  t h e  

complicated expansions t o  fol low.  

This  i s  

GEOMETRICAL-OPTICS 

I n  t h e  geometr ical-opt ics  approximation, t h e  e f fec t  of t h e  radome w a l l  i s  

most convenient ly  represented  i n  terms of t r ansmiss ion  and r e f l e c t i o n  coe f f i -  

c i e n t s ,  t h e s e  c o e f f i c i e n t s  being ca l cu la t ed  by r ep lac ing  t h e  curved su r face  of  

t h e  radome by a p lane  s h e e t .  For a t h i n  w a l l  and normal incidence,  t h e  ampli- 

t ude  r e f l e c t i o n  and t ransmiss ion  c o e f f i c i e n t s  f o r  t h e  e l e c t r i c  and magnetic 

f i e l d s  a r e  given by 

% =  - % = E (  k6 E-1) + 0 (k6)2 , 
T = T  = I - -  k6 (E-1) + 0 (k6)2 . 

H E 2 i  

I n  a l l  of our  c a l c u l a t i o n s  we s h a l l  keep only  t h e  f irst  o rde r  i n  k6 and hence 

only  t h e  f irst  o r d e r  i n  t h e  r e f l e c t i o n  c o e f f i c i e n t .  

A t  t h e  specu la r  p o i n t  (x=o, y=o, z= -c) on t h e  s u r f a c e  of t h e  metal  sphere,  

t h e  magnetic f i e l d  is, by geometr ical  o p t i c s ,  

Hsur f  - ikc b i k c  .2ik(b-c) 
Y = 2 T H e  + TH RH (-)e- , (3 .3)  

where t h e  second term corresponds t o  a double bounce i n  t h e  free-space l a y e r .  

Higher o rde r  m u l t i p l e  bounces in t roduce  h ighe r  powers of t h e  r e f l e c t i o n  c o e f f i -  

c i e n t  and a r e  neglec ted .  Introducing (3.2) i n t o  (3.3) we have e x p l i c i t l y  

S imi l a r ly ,  t h e  f a r  backscat tered e l ec t r i c  f i e l d  i n  t h e  o p t i c s  approxi- 

mation i s  
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( 3 . 5 )  

2 (c b >ik(r-Pc)  .2ik(b-c) > 
+ TE RE % 2b-c 

or ,  i n  e x p l i c i t  form, w e  have 

2ik(b-c) 
e - _ -  b s  

Ex - 2r  

k6 b -2ik(b-c) 
21 C 

+ (E-1) (-)e 

Equations (3 .4)  and (3.6) r ep resen t  t h e  expected f i rs t  o rde r  terms i n  a Luneberg- 

Kline expansion. 

r e p r e s e n t a t i o n .  

FIELD ON THE CONDUCTING SPHERE 

To ob ta in  higher  o rde r  terms we t u r n  t o  t h e  e x a c t  Mie s e r i e s  

A f t e r  much a lgebra  t h e  e lec t romagnet ic  f i e l d  on t h e  su r face  of t h e  con- 

duc t ing  sphere i s  found t o  be 

where 
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1 .  

and where b: i s  obtained from a '  by rep lac ing  CA with aC,l/a(kc) and by i n t e r -  

changing E and p.  
n 

I n  t h e  above 

(3.9) 

C '  ii = h ( l ) ( k b )  11 h(2 ' ) (kc)  I1 - h(')(kc) n h(2)(kb) ,  n 

and t h e  s p h e r i c a l  Hankel func t ions  a re  given by 

with v = n + 1 /2 .  

S e t t i n g  a = b + 6 w e  now expand t h o s e  Hankel func t ions  

of ka o r  k a i n t o  Taylor  series, thus  e .g .  1 

which a r e  func t ions  

' >  

and we f i n d ,  by making use of t h e  Wronskian r e l a t i o n  

t h a t  

n = - a(klb) = 2 i ,  
a c  

Cn = 2 i  (k16), 

2 T e r m s  of o rde r  (k16) 

equat ions  and r e c a l l i n g  t h a t  p = 1, we f i n d  t h a t  a: and bA t a k e  t h e  form 

have been neglected.  Employing t h e  immediately preceding 
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a '  = 4 h ( l ) ( k c )  A: , n n 

where 

k6 
n 2 i  A '  = 1 - - (E-1) 

n 

A t  t h e  backsca t te r ing  

1 
'n 

s i n e  + 

(3.11) 

h ( l ) ( k b )  a C '  n(n+l)  =-- n k6 (1 - - )  1 
a 2  C '  

kb (kc 2 i  E *) n &(kb)2 ' 

specular  p o i n t ,  8 = r[ and 

n n(n+l )  . dP1 n(n+l)  n 
2 + -(-I 2 > 

hence a t  t h i s  po in t  t h e  only  non-zero component o f  t h e  electromagnet ic  f i e l d  

i s  

co 

+ H = - 1 I ( - i ) n  ( i n + l )  { 1 

n 
Y 2ikc i h ( l ) ( k c )  A: n= 1 n 

(3.1-2) 

To e f f e c t  a high-frequency asymptotic eva lua t ion ,  we conver t  t h e  summation 

over  n i n t o  a contour i n t e g r a l :  d e f i n e  

1 + 1 

1 h'( ')(kc) BA i h(n)(kc)  A; 
f ( v )  = 

n 

with v = n + 1/2, then 

(3.13) 
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The contour  C, which e n c i r c l e s  t h e  p o s i t i v e  r e a l  a x i s  i n  a clockwise fash ion ,  

can be deformed i n t o  t h e  pa th  C '  pass ing  from t h e  f o u r t h  quadrant  through t h e  

o r i g i n  t o  t h e  second quadrant.  Any po le s  of t h e  in t eg rand  which a r e  captured 

by t h i s  contour  deformation c o n t r i b u t e  t o  t h e  d i f f r a c t e d  f i e l d  and a r e  n o t  of 

i n t e r e s t  here .  

It is  an easy  ma t t e r  t o  show t h a t  t h e  f a c t o r  A: i n  t h e  denominator i n  

(3.13) has  no ze ros  on t h e  r e a l  v ax i s .  From ( 3 . l l ) ,  

where 

Thus C '  i s  pure  imaginary f o r  r e a l  n .  

hl'L'jicbjjh!A)(kc) n must t h e r e f o r e  be r e a l ,  s o  we m u s t  have 

I n  o rde r  f o r  A '  t o  be zero,  t h e  r a t i o  
I , )  n n 

But i f  t h i s  is  t r u e ,  t h e n  CA is  zero .  Therefore A '  has  no ze ros  on t h e  r e a l  

v a x i s .  S imi l a r ,  b u t  more complicated, c o n s i d e r a t i o n s  apply  t o  BA. Thus on 

t h e  r e a l  v a x i s  t h e  in t eg rand  i n  (3.14) posses ses  p o l e s  only  a t  t h e  ze ros  of 

n 

cos  vx. 

The l i n e  i n t e g r a l  over C '  can be eva lua ted  a sympto t i ca l ly  a t  t h e  

Using t h e  s t a t i o n a r y  p o i n t  v = 0 fo l lowing  t h e  technique  of S c o t t ( 3 ) .  

asymptotic approximations (x being l a r g e )  

-~ 

(3) S c o t t ,  J .  M. C . ,  A.E.C. Research E s t .  R p t .  T/M 30 (1949).  
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2 4 
1 v  iv + ... }, 2 i v  

X 
h(A)(x) -exp 2x 

2 
h (2 ) (x )  -exp (-ix + + 

we ob ta in  t h e  following expansion f o r  f ( v )  

iv f l  
n 

i i v  } {l - g (€4) } 2 
+ - - - 

1 2  ( kc ) 3 
ivsr i v  
2 2kc + 

2 1 k6 1 ivrt  i v  - - - (1- ;) exp (-ikc + - - - + i 2 i  2 2kc 

k 2c 
1 k6 
1 21 

+ (E-1) exp ik(2b-3c) + 7 

3 1 
iVfl + &- ($ - &) + FJ k 2 

1 (1- --) exp [ i k (  2b-3c) + - 1 k6 

6k 

We a l s o  note  t h e  exac t  i d e n t i t y  

2 i k ( b - ~ ) - ~  
{I + (E-1) [e 

1 -ikc 
2 f(-) = 2e (3.1-6) 

When (3.15) i s  s u b s t i t u t e d  i n t o  (3 .14)  t h e  r e s u l t i n g  l i n e  i n t e g r a l  i s  of 

The combination of t h e  asymptot ic  express ion  t h e  form considered by Scott(‘). 

f o r  t h e  l i n e  i n t e g r a l  and t h e  term involving f ( 1 / 2 )  i n  t h e  express ion  (3.14) 
g ives  t h e  Luneberg-Kline c o n t r i b u t i o n  t o  t h e  su r face  f i e l d .  We o b t a i n  

( 4 )  Sco t t ,  I b i d .  
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One v e r i f i e s  t h a t  t h e  f i r s t  o rde r  term i n  t h i s  expansion agrees  wi th  t h e  

geometr ical-opt ics  express ion  given i n  (3.4).  

THE BACKSCATTERED FIELD 

The asymptotic expansion of t he  backsca t t e red  f i e l d  can  be obtained i n  a 

f a sh ion  

s c a t t e r e d  f i e l d  may be w r i t t e n  i n  t h e  form 

analogous with t h a t  presented above. One f i n d s  t h a t  t h e  f a r  back- 

n 1 i (An - Bn) 

X - i k r  v (*n) Lv(Bn) n= l  

e + in avv \A-B) ~ 

COSVII Lv A Lv(B ' 
n 

where 

LV(An) = hL1)(ka) An - h ' ( l ) ( k a )  n (3.19) 

and s i m i l a r l y  f o r  LV(B,). The c o e f f i c i e n t s  An and B a r e  given by Bowman (5 1 
n 

i n  connect ion with t h e  problem of a doubly absorber-coated sphere.  

c a t i o n  t o  t h e  problem a t  hand, we simply s t a t e  t h a t  one f i n d s ,  aga in  a f t e r  much 

manipulation, t h e  fo l lowing  expansion t o  f i rs t  o rde r  i n  (k6) 

For appli- 

( 5 )  Bowman, J . J., Conductron Memorandum D0620-177-M, 24 September 1963. 
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(3 .20)  

k6 1 n(n+l )  
2 i  + - (1 - -) 

E (kb)2 n 

where CA i s  defined i n  Equation ( 3 . 9 ) .  

To eva lua te  t h e  l i n e  i n t e g r a l  i n  (3.18) a sympto t i ca l ly  a t  t h e  s t a t i o n a r y  
* 

p o i n t  v = 0 we r equ i r e  t h e  fol lowing expansion 

-2ikc + ivn - -e A -B 
L (A) L (B) 

V V 

where 

(3.21)  

4 
-2ik(b-c) - - iv ] {E (€4) [l + a i - i v  

2 

kb 3 1 2  ( kb 

+ exp [2ik(b-c) t 2 ($ - E) ] {g (e-1) [l - 6 ($ - g) 5 4 (t3- :3) 1 
12k k 

(3.22)  
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I -  

k6 A. - Bo - _  - e  -2ikc { [l-2 (c-l)] + 2 (E-1) cos  2k(b-c) 
(AojL ( B ~ )  i 

(3.23) 
1/2 1 /2  

L 

When (3.21) and (3.22) and s u b s t i t u t e d  i n t o  (3.18) t h e  r e s u l t i n g  l i n e  

i n t e g r a l  is  aga in  of t h e  form considered by S c o t t ( 6 ) .  The combination of t h e  

asymptotic express ion  f o r  t h e  l i n e  i n t e g r a l  and t h e  term given by (3.23) i n  

t h e  express ion  (3.18) y i e l d s  t h e  Luneberg-Kline c o n t r i b u t i o n  t o  t h e  back- 

s c a t t e r e d  f i e l d ,  namely 

The f i r s t  o rde r  term i n  t h i s  expansion ag rees  wi th  t h e  geometr ica l -opt ics  

expres s ion  given i n  (3.6).  

The dominant c o n t r i b u t i o n  t o  t h e  backsca t t e red  f i e l d  a r i s e s ,  of course,  

from t h e  t e r m  

c ik( r -2c)  
2 r  e _ -  

corresponding t o  specu la r  r e f l e c t i o n  from t h e  conducting sphere .  

important c o n t r i b u t o r  t o  t h e  geometrical-optics f i e l d  a r i s e s  from 

The nex t  

(6) S c o t t ,  - I b i d .  
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ik(r-2b)  (E-1) e b k6 
2r 2 i  

- - -  

corresponding t o  r e f l e c t i o n  from t h e  radome i t s e l f .  

pared t o  t h e  lead ing  term provided 

This  term i s  s m a l l  com- 

b 
k6(€-1) c << 1. 

3.4.2.2 T a r g e t  Location 

S ince  no radome m a t e r i a l  e x i s t s  which w i l l  t r a n s m i t  a l l  f r e q u e n c i e s  o f  

i n t e r e s t  with 100 p e r  c e n t  e f f i c i e n c y ,  it i s  necessary t o  l o c a t e  t h e  segment 

where t h e  smal les t  amount of  mul t ip ly- re f lec ted  energy r e t u r n s  t o  t h e  r a d a r .  

To determine t h i s  l o c a t i o n ,  c o n s i d e r a t i o n s  were given t o  t h e  key f a c t o r s  

shown below. 

A .  S c a t t e r i n g  from t h e  Edges of t h e  Balloon and Mounting S t r u c t u r e  

Even though t h e  te rmina t ion  i s  designed t o  minimize backsca t te r ing ,  t h e  

r e l a t i v e l y  smal l  r a d i u s  of curva ture  here  w i l l  t e n d  t o  s c a t t e r  energy o f f  t h e  

roof  and f l o o r  of t h e  radome. 

h a l f  way between t h e  t o p  and bottom of t h e  radome. The r e t u r n  from t h i s  con- 

t r i b u t i o n  w i l l  be approximately,  

This  can be minimized by l o c a t i n g  t h e  segment 

2 
T[ a Ro 

4 4 2  d 
aI x R 

where 2 Ro i s  t h e  diameter of t h e  ba l loon  segment 2 Ro z 22 fee t ,  a is  t h e  

r a d i u s  of curva ture  of t h e  te rmina t ion ,  d i s  d i s t a n c e  from t e r m i n a t i o n  t o  

radome and R i s  r e f l e c t i o n  c o e f f i c i e n t  of radome. 

B. Standing Waves S e t  up Between P a r a l l e l  Sur faces  

If t h e  segment i s  loca ted  i n c o r r e c t l y  it i s  p o s s i b l e  f o r  t h e  s u r f a c e s  t o  

be p a r a l l e l  and perpendicular  t o  t h e  l i n e  j o i n i n g  them. 

wave w i l l  be  s e t  up between t h e  s u r f a c e s  which w i l l  be f e d  by almost any d i r e c t  

source of s c a t t e r i n g  i n  t h e  neighborhood. 

If so,  a s tanding  
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Equation of Radome: 2 2 2  RR = XR + YR 

h h * x  Normal : NR = R / S  X + 'R/% Y 

Equation of Segment: 

Normal : 
h h h 

N B = (XB - X1)/(RB X + (YB - Yl)/RB Y 

A l i n e  pass ing  through t h e  cen te r  of cu rva tu re  of t h e  segment w i l l  i n t e r s e c t  

both segment and 

The cond i t ion  i n  

radome normally only i f  it p a s s e s  through t h e  radome c e n t e r .  

Y t a n  gB = l/X1 (Condition 11) 

Sec t ion  A requires (X1, Y ) t o  be high enough t h a t  t h e  lower 1 
edge of t h e  segment i s  approximately a t  radome c e n t e r .  

and cond i t ion  I can be s a t i s f i e d  i f  t h e  segment i s  moved forward from t h e  c e n t e r  

of t h e  radome b u t  no t  i f  t h e  segment is  moved backward. 

The above cond i t ion  I1 

C .  Focusing 

There a r e  two important f o c i  of t h e  radome. The f i rs t  i s  due t o  t h e  

r e f l e c t i o n  of energy o f f  t h e  r e a r  of t h e  radome. 

near  (Y = 0, X = 1/2 R R ) .  

S c a t t e r i n g  from any smal l  d i s c o n t i n u i t y  i n  t h e  radome o r  from an o b j e c t  a t  

t h e  c e n t e r  of t h e  radome w i l l  be focused he re .  

This  energy w i l l  be focused 

The second focus  i s  a t  t h e  c e n t e r  of t h e  radome. 

If t h e  segment is  loca ted  a t  the  c e n t e r  o r  towards t h e  r e a r ,  t h e  lower 

edge of t h e  t e rmina t ion  w i l l  be i n  or nea r  one o r  t h e  o the r  of t h e s e  f o c i .  

D .  Backsca t te r ing  

The cond i t ion  requi red  f o r  backsca t t e r ing  i s  t h a t  t h e  r a y  d e f l e c t e d  from 

t h e  ba l loon  su r face  a t  an angle  2 gB be r e f l e c t e d  normally from t h e  radome 

su r face .  This  occurs  when 

RB s i n  @ + X1 s i n  2@ - Y cos 2gB = 0 B B 1  
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i s  l i m i t e d  by t h e  s i z e  of t h e  segment 

I n  t h e  worst  ca ses  = 180 i 9.32 

and 

Y = < 11.5 ? .336 X1 = -i_ 6.3'  (If  segment i s  15' forward)  1 
= 'I 12.3' (If segment i s  a t  c e n t e r )  

= t 18.3' (If segment is  15' back) 

I n  order  t o  avoid b a c k s c a t t e r i n g  of t h i s  type,  t h e  c e n t e r  o f  t h e  ba l loon  seg- 

ment m u s t  be higher  than  t h e  maximum v a l u e s  given above a t  each l o c a t i o n .  

Within condi t ions  I, 11, and 111, we see t h a t  on ly  i n  t h e  forward posi-  

t i o n  where Y - I "  
NOTE: a t  

a t  

A t  t h e  p o s i t i o n  

s a t i s f y  ( IV)  a t  

9.5' can condi t ion  I V  be s a t i s f i e d .  

c e n t e r  p o s i t i o n  Y1 z 11' 

r e a r  p o s i t i o n  Y FZ 10' 

X 

t h i s  p o s i t i o n ,  (I)  r e q u i r e s  Y = 10.5'. 

1 

= -10' (10 f e e t  forward)  Y1 must be g r e a t e r  than  8.0' t o  B 
I 

3.4.3 Measurement Considerat ions 

I n  a CW measurement system of t h e  type  which Conductron uses ,  background 

c o n t r i b u t i o n s  can be a s e r i o u s  problem. 

amplitude of t h e  r e f l e c t e d  wave must be s u f f i c i e n t l y  below t h e  amplitude o f  

t he  wave s c a t t e r e d  from t h e  t a r g e t  t o  prec lude  e r r o r s  due t o  phase a d d i t i o n s  

and s u b t r a c t i o n s .  I f ,  on t h e  o t h e r  hand, a balanced system i s  used, we a r e  

less concerned with t h e  background and much more concerned with e x t e n t  t o  

which t h e  background i s  modified by t h e  placement of t h e  t a r g e t  i n  t h e  f i e l d .  

If an  unbalanced system is  used, t h e  

The r e s u l t s  o f  t h e  t h e o r e t i c a l  ana lyses  shown above i n d i c a t e  t h a t  t h e  

l e v e l  of energy backsca t te red  d i r e c t l y  from t h e  radome should be w e l l  below 
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t h a t  of t h e  u s u a l  t a r g e t  measured i n s i d e  t h e  radome. However, when t h e  

t a r g e t  i s  loca ted  i n  t h e  e q u a t o r i a l  p lane  of t h e  radome, t h r e e  s p e c u l a r  

sources ,  t h e  near  and f a r  s i d e  of t h e  radome p l u s  t h e  t a r g e t ,  c o n t r i b u t e  

t o  t h e  backscat tered f i e l d .  When no t a r g e t  i s  i n  t h e  radome t h e  f i e l d  

comes p r i m a r i l y  from t h e  f r o n t  and r e a r  

This  f i e l d  i s  designated:  

specular  p o i n t s  of t h e  radome. 

= E .e  iPI 1 + E2e1’2 
Eradome 1 

When t h e  CW r a d a r  b r i d g e  is balanced t h i s  involves  t h e  i n t r o d u c t i o n  of s i g n a l  

i n t o  t h e  d e t e c t o r  such t h a t :  

iPI  iPI iPI 
2 = Ele 1 + E2ei@2 - E 1 e 1 - E e 2 = 0 Edetected 

Thus when a t a r g e t  i s  p laced  i n  t h e  radome t h e  d e t e c t e d  s i g n a l  becomes: 

= ELeial + E e fer 2 - E eigl - E2e iPI 2 + E 3 <PI 3 = E e i PI 3. 
Edetected 2 1 3 3 

However, when a t a r g e t  l a r g e  enough t o  completely s h i e l d  t h e  r e a r  s p e c u l a r  

zone i s  measured, t h e  de tec ted  s i g n a l  i s :  

= E e  iPI 3 - E 2 e  iP12 
Edetected 3 

1 2 
Since l E 2 1 2 =  2 \Ell t h e  measured c r o s s  s e c t i o n  of a t a r g e t  placed i n  t h e  

radome’s e q u a t o r i a l  plane is ,  

250 + - U  1 - J2 ( U t U r ) l ’ 2  cos  (g3 - g2)  meas. t a r g e t  2 radome U 

The phase, 

t a r g e t  and 

0.02 ot) a 

moving t h e  

@ = 2k 1 ,  v a r i e s  a s  a f u n c t i o n  of t h e  d i s t a n c e  between t h e  

t h e  back wal l  and it can be seen t h a t  i f  or i s  much g r e a t e r  than  

not iceable  e r r o r  could r e s u l t .  This  e r r o r  can be e l imina ted  by 

t a r g e t  up i n  t h e  radome. 

- @ 3 2  

The t a r g e t  must be l o c a t e d  s u f f i c i e n t l y  

above t h e  e q u a t o r i a l  p lane  s o  t h a t  t h e  shadow a r e a  which i s  caused by t h e  

placement of t h e  t a r g e t  i n  t h e  f i e l d  i s  n o t  a s i g n i f i c a n t  c o n t r i b u t o r  t o  t h e  
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. 

r a d a r  c r o s s  s e c t i o n  of t h e  radome. As noted above, c- i s  of t h e  o rde r  of 
2 L2 0.5 m . For t h e  segments CJ i s  o f  the o rde r  of 1200 m and t h u s  no not ice-  t 

a b l e  e r r o r s  should be introduced by shadowing t h e  back w a l l .  

Except a s  noted above, t h e  radome-target mul t ipa th  c o n t r i b u t i o n s  a r e  

approximately , 

‘multipath ‘target 

-3 where R (z 2 x 10 

can be s a f e l y  ignored f o r  t h e  l a r g e  backsca t te red  echo a rea  t a r g e t s  u sua l ly  

measured i n s i d e  t h e  radome e 

) i s  t h e  radome r e f l e c t i o n  c o e f f i c i e n t .  These c o n t r i b u t i o n s  

The above cons ide ra t ions  e l imina te  t h e  n e c e s s i t y  of f u r t h e r  cons ider ing  

t h e  mul t ipa th  e r r o r s  caused by t h e  general  range geometry. 

i s  e l imina ted  a s  a s i g n i f i c a n t  source of backsca t te red  energy, t h e  problem 

reduces t o  one of t h e  same type  a s  has p rev ious ly  been considered i n  o t h e r  

phases  of t h i s  program. 

i n  shape, i s  an i s o t r o p i c  s c a t t e r e r  and t h u s  t h e  f r e s n e l  zone on t h e  ground 

w i l l  be l l lurninated w i t h  energy w h i c h  Is n f  t h e  same i n t e n s i t y  a s  t h e  primary 

wave. It can be shown, however, t h a t  t h e  p a t t e r n  of t h e  r ece iv ing  antenna i s  

such t h a t  t h e  energy from t h e  f r e s n e l  zone i s  no t  rece ived  i n  t h e  a rea  of a 

p a t t e r n  maximum. 

amplitude a t  t h e  r ece iv ing  antenna, t he  magnitude of t h e  radome r e f l e c t i o n  

c o e f f i c i e n t  i s  such t h a t  t h e  r e s u l t a n t  e f f e c t i v e  echo a rea  would s t i l l  be less  

than  l m  , and t h u s  of no importance t o  segment measurements. 

After t h e  radome 

One might po in t  o u t  t h a t  t h e  radome, be ing  s p h e r i c a l  

Even i f  t h i s  were not t he  case,  and t h e  waves were of equal  

2 

3.4.4 Experimental  Evaluat ion 

I n  a d d i t i o n  t o  t h e  above descr ibed a n a l y t i c a l  eva lua t ions , the  radome 

was eva lua ted  exper imenta l ly .  

X- and C-band microwave frequency reg ions  on s e v e r a l  d i f f e r e n t  spheres  and 

f l a t  p l a t e s  t o  determine if  t h e i r  r e f l e c t i o n  p a t t e r n s  o r  echo a r e a s  were 

changed by placement i n  t h e  radome. 

A s e r i e s  of measurements were performed i n  t h e  

For  r a d a r  c r o s s  s e c t i o n  measurements, Conductron gene ra l ly  u s e s  a CW 

For t h i s  p r o j e c t  a b i s t a t i c  system with f3 - < 3’ was measurement technique.  

3-33 



used and F i g u r e  3.9 i s  a r e p r e s e n t a t i v e  block diagram o f  such a system. 

genera l ,  t h e  measurement system c o n s i s t s  of a microwave network used i n  con- 

j u n c t i o n  with a Sc ien t i f ic -At lan ta  s e r i e s  402B Wide Range Receiver  and a 

Sc ien t i f ic -At lan ta  model APR-23 l inear - logar i thmic  r e c t a n g u l a r  r e c o r d e r .  

ou tput  data  were provided i n  r e c t a n g u l a r  analog record ings  of backsca t te red  

power versus  azimuth r o t a t i o n  angle .  

a c c u r a c i e s  of f 0.25 db  i n  power and 2 0.05 

of 0.5 db over  the  f u l l  40 db dynamic range. 

I n  

The 

The recorder  s p e c i f i c a t i o n s  inc lude  
0 i n  azimuth angle ,  and a l i n e a r i t y  

The microwave network c o n s i s t s  of a frequency source,  an  antenna, and 

t h e  necessary microwave components and t ransmiss ion  l i n e s .  For  t h i s  p r o j e c t  

t h e  frequency sources used were phase-s tab i l ized  k l y s t r o n  o s c i l l a t o r s  having 

output  powers of g r e a t e r  than  0.5  wat t .  

antennas were used a s  t h e  r a d i a t i o n  sources  and were mounted i n  such a way 

t h a t  t h e  e l e c t r i c  v e c t o r  could be o r i e n t e d  a t  any ang le .  

Model PP-13 p o l a r i z a t i o n  p o s i t i o n e r ,  having an angular  accuracy o f  0.05 , was 

u s e d  f o r  t h i s  purpose. 

L i n e a r l y  p o l a r i z e d  p a r a b o l i c  r e f l e c t o r  

A S c i e n t i f i c - A t l a n t a  
0 

The f i rs t  s t ep  i n  t h e  measurement procedure was t o  p l a c e  an azimuth 

p o s i t i o n e r  i n  t h e  correct s p o t  and make s u r e  t h a t  t h e  t u r n t a b l e  was p e r f e c t l y  

l e v e l .  When t h i s  was accomplished, a D y l i t e  suppor t  column was s e t  i n  p l a c e .  

The column was ro t a t ed  and a K & E model KE-1E t h e o d o l i t e  was used t o  a s s u r e  

t h a t  t h e  column was centered and l e v e l .  

inc luding  r e f l e c t i o n s  from t h e  model support  s t r u c t u r e  a s  we l l  a s  from t h e  

radome and t h e  general  range, was cance l led  i n  a balancing network. The 

model was t h e n  placed on t h e  support  column and t h e  t h e o d o l i t e  was used t o  

minimize p o s i t i o n  e r r o r .  

backsca t te red  power p l o t t e d  a s  a f u n c t i o n  of r o t a t i o n  a n g l e .  

measurement was completed t h e  model was removed from t h e  column and a check 

made t o  a s s u r e  t h a t  t h e  background l e v e l  had n o t  changed. 

t h e  background l e v e l  had changed, t h e  da t a  was d iscarded .  

The composite background r e t u r n ,  

The model was t h e n  r o t a t e d  360' i n  azimuth and t h e  

After t h e  

I n  c a s e s  where 

F igures  3.10 through 3.22 a r e  t y p i c a l  of t h e  measurement d a t a  which was 

obtained.  

i d e n t i f y  t h e  p a t t e r n .  

The information i n  t h e  da t a  box of each p a t t e r n  w i l l  s e r v e  t o  

It w i l l  be Seen t h a t  f o u r  s e p a r a t e  t a r g e t s  were 
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measured: a f l a t  p l a t e  1 foo t  square, a f l a t  p l a t e  2 f e e t  square,  a sphere 

3.5 inches  i n  diameter ,  and a sphere 11-85 inches  i n  diameter .  The resu l t s  

of t h e s e  measurements i nd ica t ed  an  exce l l en t  agreement with t h e  theory .  

For  example, F igure  3.10 is the  r a d a r  c r o s s  s e c t i o n  of a f l a t  p l a t e  

which i s  1 f o o t  square,  a s  measured ou t s ide  t h e  radome, and Figure  3.11 is  

t h e  same p l a t e  measured i n s i d e  t h e  radome. This  was a very important  t es t  

s i n c e  the r a d a r  c r o s s  s e c t i o n  of t h e  f l a t  p l a t e  i s  very n e a r l y  equal  t o  t h a t  

of t h e  radome. 

r a d a r  c r o s s  s e c t i o n  of approximately 0 - 5  square meters o r  -6.0 db 

The f l a t  p l a t e  r a d a r  c r o s s  s e c t i o n  i s  given by: 

In  Sec t ion  3.4.1 above, t h e  radome was es t imated  t o  have a 
2 m . 

2 4n A - -  - 
‘ f la t  p la te  

where 

A = - f l a t  p l a t e  

h = wavelength 

= 3.1 ‘ f la t  p l a t  e 

= 5.0 

Thus t h e  d i f f e r e n c e  i n  r ada r  

Tu 

area  

and a t  1.3 kmc = .23 meters 

square meters 

db >: m 

c r o s s  sec t ion  between t h e  f l a t  p l a t e  and t h e  

2 

radome i s  approximately 11 db and thus  we would expect  some d i s t o r t i o n  of  t h e  

f l a t  p l a t e  p a t t e r n  a s  taken  i n  t h e  radome. F igure  3.11 shows some d i s t o r t i o n  

i n  t h e  s ide lobe  s t r u c t u r e  and ind ica t e s  t h a t  t h e  estimate of t h e  radome echo 

a r e a  i s  e s s e n t i a l l y  c o r r e c t .  

F igure  3.13 shows two r e f l e c t i o n  p a t t e r n s  of a € l a t  p l a t e  2 feet  square 

mounted i n  t h e  radome. 

and show t h e  r e p e a t a b i l i t y  which can be obtained.  

t o  t h e  c o r r e c t  eva lua t ion  of t h e  ECHO segments and t h i s  p a t t e r n  shows t h a t  

t h e  time s t a b i l i t y  of  t h e  measurement system i s  n o t  a f f e c t e d  by t h e  presence 

of t h e  radome. 

e s t i m a t e s  and it appears  t h a t  exce l l en t  resu l t s  w i l l  be obtained on t h e  seg- 

ment measurements, with no adverse e f f e c t s  introduced by t h e  radome. 

These two p a t t e r n s  were taken  a t  two d i f f e r e n t  times 

T i m e  s t a b i l i t y  i s  necessary  

I n  genera1,the experimental  d a t a  was c o n s i s t e n t  with prev ious  

3- 49 



3.4.5 The Radome a s  a Housing f o r  a Transmi t t ing  Antenna 

A s  ind ica ted  a t  t h e  beginning of Sec t ion  3.4, Conductron performed a 

l i m i t e d  a n a l y s i s  t o  determine t h e  s u i t a b i l i t y  o f  t h e  radome a s  a housing f o r  

a t r a n s m i t t i n g  antenna. The t h e o r e t i c a l  hypothes is  was t h a t  a f ree  space 

d i p o l e  antenna was loca ted  a t  t h e  c e n t e r  o f  a l a r g e ,  s p h e r i c a l ,  th in-wal l  

radome. 

t i o n  p a t t e r n  i s  a f f e c t e d  by t h e  presence of  t h e  radome. 

The problem is t o  determine t h e  e x t e n t  t o  which t h e  antenna r a d i a -  

If t h e  d ipole  source i s  l o c a t e d  a t  t h e  c e n t e r  of t h e  s p h e r i c a l  

d i e l e c t r i c  s h e l l ,  t h e  problem i s  s t r a i g h t f o r w a r d  and h a s  a l r e a d y  been solved 

by t h e  K e l l e r ~ ( ~ ) w h o  considered t h e  more g e n e r a l  three-medium problem. Hence 
f o r  our purpose, a l l  t h a t  i s  requi red  i s  t o  modify t h e i r  r e s u l t s .  

The nota t ion  we s h a l l  u s e  i s  t h e  same a s  i n  Reference (8) and d i f f e r s  
- iut and e -iut from t h e  Kellers '  n o t a t i o n .  

a r e  w r i t t e n  i n  terms o f  t h e  vec tor  p o t e n t i a l  2 e 

The electromagnet ic  f i e l d s  2 e 
- iot s a t i s f y i n g  

(3 + k2) = 0 (3.25) 

i n  t h e  fol lowing manner 

(3.26) 

For  a p o i n t  d ipo le  with a x i s  i n  t h e  z-direct ion,  i n  a medium of i n f i n i t e  

e x t e n t ,  t h e  s o l u t i o n  of Equation (3.25)  is  found t o  be a v e c t o r  with a s i n g l e  

component 

where A i s  a cons tan t  p r o p o r t i o n a l  t o  t h e  d i p o l e  s t r e n g t h .  
0 

(3.27) 

(7) 

(8) 

H .  B .  K e l l e r  and J .  B.  K e l l e r ,  "Reflect ion and Transmission of Elec t ro-  
magnetic Waves by a S p h e r i c a l  Shell",  J .  App. Phys. - 20, 393-396 (1949). 

J. J. Bowman, "High-Frequency S c a t t e r i n g  from a Conducting Sphere Surrounded 
by a Thin-Wall Radome", Conductron Memo D4420-233-M, August 20, 1964. 
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With t h e  presence of t h e  sphe r i ca l  d i e l e c t r i c  s h e l l ,  t h e  s o l u t i o n  of  

Equat ion (3.25) i s  a v e c t o r  with t h e  fo l lowing  non-zero component 

i k r  - i k r  AZ = A. e + A 1  e , O < r < b  
r r 

- ik  r 1 i k  r 1 e n 'c- , b < r < a  3 r + A  A Z = A 2 -  r (3.28) 

ikr  
A Z  = A 4  - , a < r  r 

e 

where % = d c k  is  t h e  propagat ion cons tan t  with t h e  d i e l e c t r i c .  

A 

given by K e l l e r .  

blem, w e  f i n d  

The c o e f f i c i e n t  

for t h e  r e f l e c t e d  f i e l d  and t h e  c o e f f i c i e n t  A4 f o r  t h e  t r ansmi t t ed  f i e l d  a r e  1 
Adopting and s impl i fy ing  t h e i r  express ions  t o  s u i t  our  pro- 

where 

1 1 1 1 2  1 1 1 - 
2 2  (1--) > ( I - - )  - - -  F(&) = 1 - - (1 - -.- ) - ika  J€ k a  J€ I& k3a3 J€ 

G&) = 1 + 1 (1 - - 1 ) - - 1 ( 1 - 2 ) 2 + -  1 1  - (1---), 1 
J€ k2b2 J€ i J c  k3b3 d€ 

and 6 = a-b. When ka and kb become i n f i n i t e  while a-b = 6 and r-b = x remain 
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f i n i t e  and A. (eikb/.) approaches a l i m i t  A:, t h e  problem reduces  t o  t h a t  of 

p lane  waves normally i n c i d e n t  on a f l a t  p l a t e  s e p a r a t i n g  two i d e n t i c a l  h a l f -  

i n f i n i t e  media [See e . g .  Reference (2)  pp. 512(9)]. 

We a r e  i n t e r e s t e d  i n  t h e  expansion of t h e  t r a n s m i t t e d  f i e l d  under t h e  

c on d i t i ons 

kb >> 1 , 
k16 << 1 , 

and we ob ta in ,  t o  f i r s t  order  i n  k6, 

k6 1 6 ( E - 1 )  (€4 + 0 ( 1 ) 
= 1 - 2i (€4) + - - A4 

A O  

- 
k3b3 * 

i kb  2b E (3.31) 

R e c a l l  t h a t  t o  t h i s  order  i n  k6, t h e  amplitude t ransmiss ion  c o e f f i c i e n t  f o r  a 

plane s h e e t  i s  given by 

k6 TE = TH = 1 - - 2 i  (E-1) (3.32) 

Since t h e  t ransmission c o e f f i c i e n t  o f  t h e  m a t e r i a l  i n  t h e  NASA radome 

i s  high, w e  would n o t  expect t o  encounter any d i f f i c u l t y  i n  us ing  t h i s  radome 

a s  a housing f o r  a t r a n s m i t t i n g  antenna. 
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4. TEST FIXTURE 
A tes t  fixture has  been cons t ruc ted  i n s i d e  t h e  radome which i s  capable  o f  

accep t ing  segments of sa te l l i t e  material f o r  r a d a r  t r ansmiss ion  and r e f l e c t i o n  

t e s t i n g .  The b a s i c  s t r u c t u r e  i s  cons t ruc ted  of  l ight-weight  aluminum and i s  20 

feet  i n  diameter. An i n f l a t a b l e  torus i s  f i t t e d  around t h e  o u t s i d e  circumference 

t o  ach ieve  an  o v e r a l l  diameter  of 22 feet. 
the frmt sf t h e  Exciire wi th  i t s  edge pass ing  over  t h e  torus. 

is  made between t h e  sa te l l i t e  m a t e r i a l  and s t r u c t u r e .  

made by enc los ing  t h e  back o f  t h e  f i x t u r e  wi th  a f i l m  of mylar 0.0075 inch  t h i c k .  

An a i r  t i g h t  seal is  a l s o  made between t h e  mylar f i l m  and t h e  s t r u c t u r e .  

fixture is  mounted on a heavy duty, threeaxis antenna p o s i t i o n e r  which was 
supp l i ed  t o  Conductron f o r  use on t h i s  p r o j e c t  by t h e  Nat iona l  Aeronaut ics  and 

Space Adminis t ra t ion.  

t h e  assembled t e s t  fixture i s  shown i n  F igu re  4.1 and 4.2. 

The s a t e l l i t e  material is  mounted on 

An a i r - t i g h t  seal 

An i n f l a t i o n  envelope is 

The 

The concept i s  shown i n  Drawing #124204 i n  A p p p d i x  B, and 

4.1 Cons t ruc t ion  of Basic S t r u c t u r e  

The b a s i c  s t r u c t u r e  is c i r c u l a r  i n  shape and cons t ruc t ed  o f  l ight-weight  

aluminum. 

Appen"1-ix B, 
A complete set o f  f a b r i c a t i o n  drawings are inc luded  i n  t h i s  r e p o r t  as 

The o u t e r  rim of t h e  s t r u c t u r e  is made of  14  aluminum c a s t i n g s  having a 
conf igu ra t ion  as shown i n  Drawing #122402. 

c a s t i n g  has a doubly curved sur face .  

o f  cu rva tu re  and was designed as a mounting face fo r  t h e  i n f l a t a b l e  to rus .  

convex rim surface is  curved so t h a t  when t h e  c a s t i n g s  are b o l t e d  t o g e t h e r  end t o  

end, a circular s t r u c t u r e  20 f e e t i n  diameter is formed. 

r i c a t e d  us ing  t y p i c a l  sand c a s t i n g  techniques and X-rayed t o  i n s u r e  freedom from 

s t r u c t u r a l  defec ts .  

hand grind3qg wherever necessary. The p l a n e r  surface of  each c a s t i n g  was mi l l ed  

t o  a t o l e r a n c e  of  -I- ,005 i n c h  t o  provide a f l a t  mounting surface f o r  t h e  suppor t  

t r u s s e s ,  t h e  segment material, and t h e  mylar f i lm.  

A s  can be seen  from t h e  drawing, each 

The concave r i m  surface has a 6 i n c h  r a d i u s  

The 

Each c a s t i n g  was fab- 

The s u r f a c e  irregularities were removed by sandb las t ing  o r  

- 

The r i m  s t r u c t u r e  i s  supported by f o u r  t r u s s e s  which are cons t ruc t ed  of 

aluminum tubing.  

t h a t  t h e  t r u s s  can be b o l t e d  t o  t h e  ria and t o  t h e  p o s i t i o n e r  mounting p l a t e .  

Mounting p l a t e s  are welded t o  each end of t h e  t r u s s  s t r u c t u r e  so 
The 

4-1 



4-2 



4-3 



suppor t  t r u s s e s  also provide a mounting base f o r  t h e  t ransmiss ion  measurement antenna 

assembly. The t r u s s  assembly is shown i n  Drawing #122407 and i n  Figure 4.2, t h e  

mounting p l a t e  i s  shown i n  Drawing #122430, and t h e  antenna assembly i s  shown i n  

Drawing #122457. 

The f i x t u r e  is assembled by first b o l t i n g  t o g e t h e r  t h e  r i m  s t r u c t u r e  i n  an 
I 

i nve r t ed  p o s i t i o n  so t h a t  t h e  p l ane r  mounting su r face  i s  upward. 

t hen  cemented t o  t h e  mounting su r face  and t h e  mylar backing material i s  bonded t o  

t h e  cork. 

p o s i t i o n e r  mounting p l a t e  is  bo l t ed  t o  t h e  t r u s s e s  t y i n g  t h e  e n t i r e  s t r u c t u r e  

toge ther .  

t oge the r  and t h e  attachment between t h e  r i m  and t h e  suppor t  t r u s s e s .  

shows t h e  attachment between t h e  support  t r u s s e s  and t h e  p o s i t i o n e r  mounting p l a t e .  

A cork  gaske t  i s  

The support  t r u s s e s  a r e  then  bo l t ed  t o  t h e  r i m  s t r u c t u r e  and t h e  

Figure 4.3 shows t h e  method which is  used t o  a t t a c h  t h e  r i m  s e c t i o n s  

F igure  4.4 

The mylar r e t a i n i n g  r i n g  i s  then  bo l t ed  i n t o  p l ace  making an a i r - t i g h t  s e a l  

between t h e  r i m  s t r u c t u r e  and t h e  mylar. 

0,125 inch  aluminum and i s  3,9 inches wide. 

arranged so t h a t  each j o i n t  i n  t h e  r i m  s t r u c t u r e  is  spanned. A cork gaske t  i s  
bonded t o  t h e  under s i d e  of t h e  r ing ,  t o  i n s u r e  t h e  mylar a i r  s e a l ,  and a foam 

rubber  gasket  i s  bonded t o  t h e  upper s i d e  t o  p r o t e c t  t h e  segment m a t e r i a l  from any 

sharp  edges. The r e t a i n i n g  r i n g  i s  s l o t t e d  and keyed t o  prevent  i n t e r f e r e n c e  wi th  

t h e  support  t r u s s e s ,  

The r e t a i n i n g  r i n g  is  cons t ruc ted  of  

It i s  made i n  seven s e c t i o n s  which a r e  

The e n t i r e  s t r u c t u r e  i s  then  tu rned  over, so  t h a t  t h e  mounting p l a t e  is  on 

t h e  under s i d e ,  and placed on t h e  antenna pos i t i one r .  

i s  approximately 650 pounds, t hus  i n  order  t o  t u r n  it over, it i s  necessary t h a t  

an overhead support  mechanism, such as a crane,  be employed t o  i n s u r e  personnel  

and equipment sa fe ty .  

p l a t e  is  fastened secu re ly  t o  t h e  antenna p o s i t i o n e r  using twelve 0.5 inch  

diameter b o l t s .  

The weight of t h e  s t r u c t u r e  

When t h e  s t r u c t u r e  i s  turned  over t h e  p o s i t i o n e r  mounting 

The t o r u s  i s  t h e n  i n s t a l l e d  by f i r s t  pos i t i on ing  t h e  a i r  i n l e t  va lves  on t h e  

i n s i d e  diameter o f  t h e  t o r u s  wi th  t h e  pass  holes  i n  t h e  r i m  s txuc tu re .  

is  then  f i t t e d  t o  t h e  ou t s ide  r i m  i n  t h e  same manner as an inne r  t ube  would be 

pos i t ioned .  

be mounted so t h a t  it passes  over t h e  t o r u s .  

p l ace  by t h e  segment r e t a i n i n g  r ing .  

The t o r u s  

When t h e  t o r u s  has been mounted and i n f l a t e d  t h e  segment m a t e r i a l  can 

The m a t e r i a l  i s  he ld  secu re ly  i n  

This  r i n g  i s  a l s o  cons t ruc ted  of 0.125 inch  
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Figure 4.3 Rim Attachments 

Figure 4.4 Mounting Plate Attachments 
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aluminum b u t  is  only 2.0 inches wide. 

arrangement i s  such t h a t  each j o i n t  i n  t h e  r i m  s t r u c t u r e  and i n  t h e  mylar 

r e t a i n i n g  r i n g  spand. 

t o  i n s u r e  a n  a i r  s e a l  between t h e  segment material and t h e  r i m  s t r u c t u r e  and t o  

prevent  damage t o  t h e  segment material  from any sha rp  metall ic edges. 

s e c t i o n  o f  t h i s  e n t i r e  assembly is  shown i n  Drawing #124205. 

It is  made i n  seven s e c t i o n s  and t h e  b o l t i n g  

A foam rubber  gaske t  is  bonded t o  t h e  under s i d e  of  t h e  r i n g  

A c r o s s  

4.2 Cons t ruc t ion  of  t h e  Torus 

The t o r u s  i s  a bi- tubular  s t r u c t u r e  designed t o  be capable  o f  i nc reas ing  i t s  

o u t s i d e  diameter,  uniformly, from 22 feet  t o  22.5 feet. One tube,  r e f e r r e d  t o  as 

t h e  main to rus ,  has an ou t s ide  diameter of  22 feet  and a tube  diameter of 1 foo t .  

This  i s  maintained a t  a cons t an t  p re s su re  l e v e l  s o  t h a t  it never changes s i z e  o r  

shape. 

circumference o f t h e  main to rus .  

i n t e r n a l  p re s su re  and provides  t h e  c a p a b i l i t y  f o r  i nc reas ing  t h e  o u t s i d e  diameter  

from 22 feet  t o  22.5 feet. F igure  4.5 shows t h e  t o r u s  wi th  t h e  b ladder  de f l a t ed ,  

and Figure  4.6 shows t h e  b ladder  i n f l a t e d .  

Raven I n d u s t r i e s ,  Ind. o f  Sioux F a l l s ,  South Dakota. 

The second tube, r e f e r r e d  t o  as t h e  bladder ,  is  a t t ached  t o  t h e  o u t e r  

The b ladder  is expandable as a f u n c t i o n  o f  

The t o r u s  was designed and b u i l t  by 

The ob jec t ive  i n  cons t ruc t ing  t h i s  t o r u s  was t o  provide a method f-or 

maintaining t h e  o v e r a l l  r a d i u s  o f  cu rva tu re  as t h e  segment s k i n  stress inc reases .  

When t h e  segment is  i n i t i a l l y  mounted on t h e  t e s t  f i x t u r e ,  t h e  envelopefdrmed between 

t h e  segment and the  mylar f i l m  is  i n f l a t e d  j u s t  enough so t h a t  t h e  segment w i l l  

assume i t s  designed shape. 

The segment contour  i s  measured us ing  an  o p t i c a l  technique. A v e r t i c a l  

index rod  is placed c l o s e  t o  t h e  segment wi th  t h e  p lane  def ined  by t h e  f i x t u r e  

r i m  normal t o  t h e  ground. 

ment and f i x t u r e .  

I n  t h i s  way a s i l h o u e t t e  contour  i s  obtained. 

i t s  axis and s i l h o u e t t e  contours  are obta ined  t o  i n s u r e  t h a t  t h e  segment is 

symmetrical. 

f u n c t i o n  of  t h e  d i s t ance  between t h e  segment c e n t e r  and t h e  p lane  def ined  by t h e  

f r o n t  edge o f  t h e  to rus .  

A h o r i z o n t a l  index r o d  i s  placed underneath t h e  seg- 

A photograph is  t h e n  t aken  and compared wi th  a s tandard  g r id .  

The segment is then  r o l l e d  about  

Figure 4.7 i s  a curve showing segment r a d i u s  o f  cu rva tu re  as a 

When t h e  i n i t i a l  contour  has  been def ined  it i s  necessary  t o  main ta in  t h a t  
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Figure 4.5 Torus, Bladder Inf la ted  
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Figure  4.6 Torus, Bladder Def la ted  
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contour  throughout t h e  remainder of t h e  tests. 

t h e  segment and t h e  mylar f i l m  i s  increased  t h e  segment s k i n  stress inc reases  

and t h e  segment material expands. The o v e r a l l  r a d i u s  of cu rva tu re  may be main- 

t a i n e d  by expanding t h e  edge diameter  t o  compensate f o r  t h e  material  expansion. 

A s  t h e  m a t e r i a l  s k i n  stress inc reases  t h e  t e n s i o n  loading  on t h e  t o r u s  inc reases  

propor t iona te ly .  

A s  t h e  i n t e r n a l  p re s su re  between 

The main t o r u s  i s  a gored s t r u c t u r e  made of  a dacron-mylar material. 

t o l e r a n c e  on t h e  i n s i d e  diameter was s p e c i f i e d  t o  be + 0 and -1/4% o f  t h e  i n s i d e  

diameter when t h e  s t r u c t u r e  i s  maintained a t  t h e  ope ra t ing  p res su re  under no load .  

The t o l e r a n c e  on t h e  o u t s i d e  diameter was s p e c i f i e d  t o  be - + 0.5 inch  when main- 

t a i n e d  a t  t h e  opera t ing  p res su re  under no load  and wi th  t h e  b ladder  co l lapsed .  

The bladder  i s  a nylon-mylar material  cons t ruc t ed  i n  t h e  same way a s  t h e  main 

to rus .  

The 

One of  t h e  more important  problems i n  t h e  design o f  t h e  t o r u s  was t o  

determine t h e  m a t e r i a l  s t r e n g t h  r equ i r ed  t o  withstand t h e  shea r  f o r c e s  exe r t ed  

by t h e  segment mater ia l .  If one cons iders  a t o r u s  suppor t ing  a s p h e r i c a l  cap, 

as shown below, the  material stresses i n  t h e  cap should be t h e  same as those  i n  

a f u l l  sphere  having t h e  same r a d i u s  o f  cu rva tu re  and t h e  same i n t e r n a l  pressure ,  

The stresses should t h e n  be given as PS 

r 
s = -  

S 2 t  p s i  PS 

where t i s  th i ckness  and r i s  rad ius ,  both i n  inches.  

p re s su re  were .0723 ( 2  inches  of  water) i n  a sphere of  67.5 f t .  r ad ius ,  t h e  s k i n  

s t r e s s e s  per  u n i t  t h i ckness  w i l l  be 

If t h e  maximum i n f l a t i o n  

r 
6705 l2 = 29.28 lbs . / i n .  (See Figure  4.8) ps  

Sst = - 2 = 2 

One can then  cons ider  t h e  h a l f  t o r u s  shown below as loaded evenly wi th  c e n t r a l l y  

d i r e c t e d  loads  o f  L lbs. / in.  about  i t s  circumference.  

t h i s  s e c t i o n  t h e n  i n d i c a t e s  t h a t  t h e  components o f  l oad  d i r e c t e d  normal t o  t h e  

diameter of t h e  t o r u s  a long which it was severed must be opposed by t h e  fo rces  on 

A f ree  f o r c e  a n a l y s i s  o f  
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STRESS (Ib/in? 

Figure 4.8 Pressure VS Stress f o r  S-SIN-1 & 2 Material 
a t  Various R a d i i  (t = 7.35 x 10-4 in)  
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t h e  severed c r o s s  sec t ions ,  i.e. 

-- -3 
/ p1 

2piA = JC r L s i n  e d e s 0 
2 2pi J C ~  = 1 r r L 2  

p = 4.88 p s i  

I n  a case  i n  which t h e  s t r u c t u r e  i s  t o  be used r epea ted ly  and must never be 

allowed t o  expand i n t o  an i n e l a s t i c  r eg ion  of  e longat ion ,  s a f e t y  f a c t o r s  of  

t h r e e  o r  more a r e  j u s t i f i a b l e .  

c i r c u m f e r e n t i a l  d i r e c t i o n  given by 

The g r e a t e s t  stress on t h e  t o r u s  w i l l  be  i n  a 

f o r  a tube  r a d i u s  of 6 inches,  an  i n t e r n a l  p re s su re  o f  5 p s i ,  and a s a f e t y  

f a c t o r  o f  3, a m a t e r i a l  s t r e n g t h  of  

= 15.6 = 90 lbs . / in .  

i s  necessary.  

High-strength f a b r i c  ma te r i a l s  are usua l ly  heavy and s t i f f  and, t h e r e f o r e ,  

The only material  which was s u i t a b l e  f o r  t h i s  unsu i t ab le  f o r  repea ted  handling. 

a p p l i c a t i o n  was t h e  dacron-mylar bi-laminate.  

only 3.2 ounces per  square  yard, and i s  f l e x i b l e  and easy t o  handle. 

has a s t r e n g t h  of approximately 140 pounds p e r  inch. 

This  m a t e r i a l  is  l i g h t ,  weighing 

The m a t e r i a l  

The second main design problem was t h e  cons t ruc t ion  of t h e  bladder .  I n  

o r d e r  t o  p rope r ly  design t h e  b ladder  it was necessary t o  determine t h e  way i n  which 
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a b ladde r  expands as a f u n c t i o n  of  t e n s i o n  i n  t h e  segment m a t e r i a l  and pressure 

i n  t h e  bladder. Tests were performed on a c y l i n d e r  s ec t ion ,  approximately f i v e  

feet i n  he igh t  and one f o o t  i n  c r o s s  sec t ion ,  s imula t ing  a s e c t i o n  of  t h e  a c t u a l  

t o m s .  

( f u l l y  expanded). 

Tests were conducted on b ladders  of  s i x  i n c h  and e i g h t  i nch  diameters  

The e n t i r e  tes t  model was cons t ruc ted  of nylo-mylar material. 
The b a s i c  suppor t  The t e s t  appara tus  i s  shown schemat ica l ly  i n  F igu re  4.9. 

vas 2 cylinder sectZen made cf shrzt  stzcl  ir: the fom, of 2 5" arc of a 1 foot  
diameter  cy l inder ,  f i v e  f e e t  long, (C).  

b ladder ,  r e spec t ive ly ,  (D) i s  a 0-2 p s i  p re s su re  gauge and (E)  and (E') are c o n t r o l  

va lves  t o  a l low reading  t h e  a i r  p re s su re  i n  t h e  bladder. 

va lves  l ead ing  t o  t h e  b ladder  and torus, r e spec t ive ly .  

(L) i s  t h e  load ing  membrane, and K i s  a c rank  t o  a l low adjustment  o f  t h e  load. 

(A) and (B) are t h e  main t o r u s  and 

(G)  are screw c l o s u r e  

( H I  i s  a Hunter l o a d  gauge, 

The experimental  procedure i s  as follows: 

The c y l i n d e r  s ec t ion ,  with t h e  bladder  co l lapsed ,  is placed i n  t h e  r i g  and t h e  

d e s i r e d  air  p res su re  is placed i n  t h e  main tube,  which is  t h e n  s e a l e d  o f f .  

d e s i r e d  l o a d  l e v e l  is r e g i s t e r e d  on t h e  Hunter gauge by a d j u s t i n g  c rank  K. 
b l adde r  is  then  i n f l a t e d  slowly, while  main ta in ipg  a constarzt l o a d  on t h e  membrane. 

A s  t h e  p re s su re  i n  t h e  b ladder  increases ,  t h e  i n c r e a s e  i n  t h e  b ladder  expansion 

a l m g  t h e  x axis of Figure 4.9, is recorded as a fmct ior ,  of prcssarc by rneas7xing 

t h e  d i s t a n c e  between t h e  outermost p o i n t  of t h e  b ladder  and a f i x e d  r e f e r e n c e  

p o i n t  on t h e  x axis. 

The 

The 

These p o i n t s  are shown i n  t h e  graphs F igure  4.19 and 4-11, f o r  t h e  s ix  i n c h  

and e i g h t  i nch  diameter  b ladders ,  r e spec t ive ly .  

each o f  t h e s e  graphs are p l o t t e d  from t h e  results of  a t h e o r e t i c a l  a n a l y s i s  of 

t h e  b ladder  operat ion.  

The t h e o r e t i c a l  curves  shown i n  

Assuming t h e  b ladder  material t o  be  p a r t i a l l y  i n  the  form of  two h a l f  

c y l i n d e r s  of r a d i u s  r and t h e  rest i n  t h e  form o f  two c y l i n d e r  segments sub- 

tending  a n  agg le  8 a t  t h e  c e n t e r  o f  t h e  main c y l i n d e r  a s  shown below. These 

s e c t i o n s  have r a d i i  o f  R and R f 2r. The t o t a l  s u r f a c e  area of  t h e  b ladder  must 

always be a c o n s t a n t  given by A = 2.Sr roh  where ro is  t h e  r a d i u s  of  t're f u l l y  T 
expanded bladder,  and h i s  t h e  cy l inde r  height .  

The loaded membrane may, a t  any time, be cons idered  a s  being supported by 

t h e  a r e a  A, g iven  by 
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Figure 4.9 Bladde r  Test Fixture 
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(R+2r)h = eh  (R+2r) A = -  e 25r 

& T  

o r  

AT = 231 roh = e h  (R+2r) + 8 Rh 

II (ro - 4 
e =  R + r  

h ( R  + 2r )  II (ro - r)  . .  A =  
R + r  

The force  exe r t ed  by t h e  t e n s i o n  i n  t h e  loading  medium m u s t  be counterac ted  

by t ? :~  ~ I Y S S L X ~ ,  P9 in t h e  S 1 a d t - i ~ ~  a c i  itig over area p, . . 

PA = 2T = const.  

One a d d i t i o n a l  l i m i t a t i o n  on e ex i s t s ,  however, i n  t h a t  t h e  b ladder  i s  

taped  t o  t h e  main t o r u s  over  a reasonably l a r g e  area so  t h a t  f u l l  expansion i s  

not  poss ib l e .  

I n  t h e  case of t h e  s i x  inch  diameter tube,  t h e  minimum value t h a t  8 can  

a t t a i n  is  2/3 rad.  r e s u l t i n g  i n  a maximum bladder  diameter  of  2.8 inches  as  shown 

by t h e  r a p i d  " t a i l i n g  of f"  of  t h e  P vs d curve i n  F igure  4.10. 
shows t h a t  t h e  maximum diameter  for  t h e  e i g h t  i nch  b ladder  should be 3.81 inches.  

These l i n e s  are shown as t h e o r e t i c a l  cut-off l i n e s  i n  F igures  4.10 and 4.11. 
course,  t h e  bladder  w i l l  no t  be i n  t h e  assumed shape throughout i t s  expansion. 

Thus t h e  agreement between experiment and theo ry  is expected p r i m a r i l y  as low 

pressures .  

A s imilar  a n a l y s i s  

O f  

Also, it i s  probable  t h a t  readings w i l l  be obta ined  above t h e  
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t h e o r e t i c a l  l i m i t .  Also, 2Twastaken  as 100 l b s .  throughout  t h e  tests. The 

p res su re  i n  the main t o r u s  was maintained a t  1.0 p s i .  

The agreement between theo ry  and experiment i s  e x c e l l e n t  f o r  t h e  s i x  inch  

b ladder  and is  f a i r l y  good f o r  t h e  e i g h t  i nch  bladder .  

was encountered i n  obta in ing  t h e  l a t t e r  da ta  due t o  t h e  d i f f i c u l t y  i n  keeping t h e  

b ladder  from r o t a t i n g  as t h e  load  membrane was adjus ted .  

expected i n  t h e  a c t u a l  t o r u s ,  p a r t l y  because t h e  hoop stresses on t h e  i n f l a t i n g  

b ladder  w i l l  tend t o  make it main ta in  i t s  p o s i t i o n  and p a r t l y  because f r i c t i o n a l  

f o r c e s  between the  bladder  and segment material  are expected t o  be much smal le r .  

A good d e a l  more d i f f i c u l t y  

This  d i f f i c u l t y  i s  not  

It is  expected, t h e r e f o r e ,  t h a t  theory  w i l l  provide a reasonably accu ra t e  

r e p r e s e n t a t i o n  of b ladder  p re s su re  vs expansion. 

The e i g h t  inch  diameter b ladder  was adopted f o r  use i n  t h e  t o r u s  i t s e l f  

s i n c e  t h e  pressure  vs  expansion curve w i l l  remain i n  t h e  nea r - l i nea r  range over  

t h e  3 inch  expansion des i red .  
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5 . INSTRUMENTATION 

The ins t rumenta t ion  a t  t h e  radome f a c i l i t y  was designed f o r  t h e  measure- 

ment of l a r g e  p re s su r i zed  segments. 

ins t rumenta t ion  are: 
The fou r  systems which comprise t h e  f a c i l i t y  

(1) R. F. System 

(2 )  Pressure  monitoring System 

( 3 )  Pos i t ion ing  system 

(4)  B i s t a t i c  Cart 

A b lock  diagram of t h e  ins t rumenta t ion  is  shown i n  F igure  5.1. 

c 
Phase 
Locked C I s o l a t o r  
Source 

5.1 R. F. System 

The R. F. system c o n s i s t s  of a s e tup  f o r  measuring t h e  amount of  energy 

which i s  reflected from t h e  f r o n t  s ide  of t h e  segment, and a se tup  f o r  measuring 

t h e  amount of energy which is t r ansmi t t ed  through t h e  segment. 

The r e f l e c t i o n  measurement setup i s  cons iderably  d i f f e r e n t  from t h e  one 

d iscussed  i n  Sec t ion  3.4  above. 

segment r e f l e c t i o n  s i n c e  t h e  segment r a d a r  cross s e c t i o n  i s  t h e  order  of 1200 

square meters. Therefore, t h e  segment r e f l e c t i o n  c h a r a c t e r i s t i c s  can be measured 

wi th  a simple two antenna system as shown i n  Figure 5.2 below. 

No balancing network is  requ i r ed  f o r  measuring 

hit 
Ant. 

. t f 

1 b . t 

C r y s t a l  - Rec . 
A n t .  Receiver Mixer 

> & 

n Recorder 

F igure  5.2 Reflect ion Measurement System 

The t r ansmi t t ed  antenna is  f ixed  a t  one end of  t h e  b i s t a t i c  t rack .  The 

r ece iv ing  antenna is  mounted on a po r t ab le  tower. 

which extend t h e  l e n g t h  o f  t h e  b i s t a t i c  t r a c k  and is  motor dr iven so  t h a t  t h e  

p o s i t i o n  of t h e  tower on t h e  b i s t a t i c  t r a c k  can be changed remotely. 

The tower rests on ra i l s  

Ref l ec t ion  
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Source 

I s o l a t o r  

X- rn i t  . n Antenna 

Recorder Receiver Ind ica to r  

Motor D r .  r 

I Transmiss ion Coef f i c  i e n t  
Instrumentat i on  

Antenna Antenna Antenna 

Power 
Meter 

Mod, 431B 
Hewaett Packard 1 Trans -_--------- J 

II 

m i c s  
120 

Pressure 

1 
~ 

I 

Torus Segment Bladder 

I I I 
S.A. Az. over 

E l .  over Az . 
Posi t ioner  

Hoist  I Hydraulic 
o i s t  Control  

Figure 5 . 1  Radome F a c i l i t y  Instrumentat ion 
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measurements are p o s s i b l e  using t h i s  antenna system a t  any b i s t a t i c  ang le  from 

0 t o  30'. The r ece iv ing  antenzla tower is  d iscussed  more completely i n  s e c t i o n  

5.4 below. 

d i f f e r e n t  nicrowave frequencies. L. F. E. S e r i e s  814 u l t r a s t a b l e  microwave 

o s c i l l a t o r s  are used as R.F. sources f o r  all three (L, C y  and X) f requency bands. 

These u n i t s  have frequency s t a b i l i t y  o f  t h e  o rde r  of 1 p a r t  i n  10 , long  term and 

Both re f lec t ion  and t ransmiss ion  measurements are p o s s i b l e  a t  three 

6 
8 . .  3 narfc r- -- IC) , sh~,-t t e n .  The receit.i.Zg and r e~o i -d ing  i.c~its *E: tile S c i e n t i f i c -  

A t l a n t a  s e r i e s  402B and series APR-20 r e spec t ive ly .  

equipment are shown below. 

The s p e c i f i c a t i o n s  f o r  t h i s  

RECEIVER SPECIFICATIONS MgDEL b 2 B  

Frequency Coverage 

Dynamic Range 40db 

S e n s i t i v i t y  

I.F. Frequency 65 m e  

I.F. Bandwidth 1 mc 

Linear  Deviat ion of 

30 m c  - 190 kmc 

(30 mc - 10 kmc) = - 85 dbm 

ou tpu t  0.5 db 

RECORDER SPECIFTCATIONS MODEL APR-20 

Pen Writing Speed = 40 imhes / sec .  

Pen Accuracy = 0.25 db 

BOW. = 2% of c e n t e r  frequency @ 3 db 

Chart  Speed = 1 2  inches/sec. 

Chart  Cycle Length = 20 inches  

The t r ansmiss ion  measuring system c o n s i s t s  of s i x  s t anda rd  g a i n  horns, two 
each f o r  t h e  L, C and X band fkequency regions.  

f o r  each of  t h e  t h r e e  bands i s  i n s e r t e d  i n t o  t h e  p re s su r i zed  compartment a t  t h e  

c e n t e r  of  t h e  radome, d i r e c t l y  behind t h e  t e s t  segment, (see Figure  5.3) t h u s  

al lowing t r ansmiss ion  measurement through t h e  material t o  be made. The o t h e r  

t h r e e  antennas are i d e n t i c a l  t o  t h e  first,  and are used t o  r e c e i v e  t h e  d i r e c t  

s i g n a l  from t h e  t r a n s m i t t e r ,  thereby provid ing  t h e  necessary  c a l i b r a t i o n  in fo r -  

During opera t ion ,  one antenna 
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Figure 5.3 Antennas Used f o r  a Transmission Measurements 
as Mounted on the Test  Fixture 



mation. 

4 3 1 B  power meter which provides  a v i s u a l  i n d i c a t i o n  o f  t h e  t r ansmi t t ed  power. 

The power rece ived  by t h e  antennas i s  f e d  i n t o  a Hewlett Packard model 

5.2 P res su re  Monitoring System 

The p res su re  monitoring equipment c o n s i s t s  of  one Equibar Type 120 p res su re  

meter, which i s  used for  monitoring segment pressure .  

meter which is  used t o  monitor t o r u s  pressure,  and one Monroe model l l 7 A  d i f f e r e n t i a l  

p e a s u r e  t ransducer  is  used t o  measure t h e  bladder  pressure.  

models ll7-4 and 120  p res su re  meters a re  f e d  t o  a Bausch and Lomb model VOM-5 

One Marsh 0-10 PSI p res su re  

_..^,.___.--- The outputs  of  t h e  

r eco rde r  . - nk Bladder 
\ Monroe Pressure  Transducer 

Torus Pressure Meter (0 t o  10 PSI) 
I 
I +- Equibar Pressure  Meter 

Segment 

A l l  o f  t h e  pressure  readings  are taken r e l a t i v e  t o  the radome pressure whicll i s  

mairitaii-ied a i  approxi~atel .7 3 2.5 i--"-- l l L l i c 3  of i v d i e 1 .  

5.3 Pos i t i on ing  System 

The p o s i t i o n i n g  system c o n s i s t s  of a 1 4  foo t  hydraul ic  cy l inder ,  and a 

S c i e n t i f i c  A t l a n t a  azimuthover e l eva t ion  over azimuth pos i t i one r .  

The hydraul ic  cy l inde r  can be con t ro l l ed  from wi th in  t h e  radome, and 

provide continuous he igh t  adjustment of t h e  segment. 

i s  i n  t h e  f u l l  down pos i t i on ,  t h e  f i x t u r e  is  approximately 4.5 feet above t h e  

radome f l o o r  and provides  an easy working he ight  for  segment mounting. 

When t h e  hydraul ic  system 

T h i s  

system is d iscussed  more completely i n  Sect ion 2 above. 

The three-axis  p o s i t i o n e r  provides continuous remote c o n t r o l  of t h e  t a r g e t s  

p i t ch ,  r o l l  and azimuthposi t ion,  and i s  c o n t r o l l e d  a t  t h e  mast c o n t r o l  room by 

means of a Sc ien t i f i c -At l an ta  model PC-4 p o s i t i o n e r  cont ro l .  

p o s i t i o n e r s  s p e c i f i c a t i o n s  a r e  l i s t e d  below 

A few of t h e  
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0 

0 
Azimuth Accuracy = - + .05 

Elevat ion Accuracy = - + 0.1 

Elevat ion Speed = 90°/Min. 

Azimuth Speed = 1.5  RPM 

1:l and 36:l syncros a r e  provided on a l l  t h r e e  axes of  t h e  p o s i t i o n e r ,  t o  

d r i v e  t h e  remote p o s i t i o n  i n d i c a t o r  u n i t s ,  and necessary c h a r t  dr ive.  

5.4 B i s t a t i c  Cart  

The b i s t a t i c  c a r t  is  dr iven  by means of a remote c o n t r o l l e d  3/4 H.P. D.C. 

motor and a 50:l gear  reduct ion.  

Scient i f ic-Atlanta  model Pc-4 P o s i t i o n e r  Cont ro l  Unit. The speed of t h e  c a r t  

may be cont inuously ad jus t ed  from 0 t o  approximately 35 f e e t  p e r  minute, t hus  

allowing t h e  30' a r c  t o  be t r ansve r sed  i n  approximately 2.5 minutes. The antenna 

tower which i s  mounted on t o p  of t h e  b i s t a t i c  c a r t  a l lows continuous antenna 

he ight  adjustment t o  approximately 1 5  f e e t  above ground l e v e l .  

tower, c a r t  and b i s t a t i c  t r a c k  a r e  shown i n  F igure  5.4. 

The d r ive  motor i s  c o n t r o l l e d  by using a 

The antenna 

A 1:l syncro t r a n s m i t t e r  i s  l o c a t e d  on t h e  r e c e i v e r  c a r t  and i s  used t o  

provide t h e  necessary c h a r t  d r ive  t o  t h e  record ing  and pos i t i on - ind ica t ing  

equipment. A drawing of t h e  r e c e i v e r  tower i s  shown i n  Appendix A. 
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Figure 5.4 Bis ta t ic  Cart 
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APPENDIX B - TEST FIXTURE DRAWINGS 
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